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Norfolk, Virginia, USA as integral equations, such as the boundary integral equations. Numerical discretization
of integral equations in the time domain often leads to so-called March-On-in-Time
(MQT) schemes. In the literature, the temporal basis functions used in MOT schemes
have been largely limited to low-order shifted Lagrange basis functions. In order to
evaluate the accuracy and effectiveness of the temporal basis functions, a Fourier
analysis of the temporal interpolation schemes is carried out. Based on the Fourier
analysis, the spectral resolutions of various temporal basis functions are quantified. It is
argued that hybrid temporal basis functions be used for interpolation of the numerical
solution and its derivatives with respect to time. Stability of the proposed hybrid
schemes is studied by a matrix eigenvalue method. Substantial improvement in
accuracy and efficiency by using the hybrid temporal basis functions for time domain
integral equations is demonstrated by numerical examples. Compared with the
traditional temporal basis functions, the use of hybrid basis functions keeps numerical
errors low for a larger frequency range given the same time step size. Conversely, for a
given range of frequency of interest, a larger time step can be used with the hybrid
temporal basis functions, resulting in an increase in computational efficiency and, at
the same time, a reduction in memory requirement.
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1 Introduction

Unsteady aerodynamics and aeroacoustics problems can sometimes be formulated as
integral equations. For instances, boundary integral equations can be derived for the
quasi-potential flows and for acoustic wave scattering problems [1-8]. Historically,
numerical solutions of integral equations are often carried out in the frequency domain. A
vast majority of computational solvers for boundary integral equations have been devel-
oped assuming a single fixed frequency. Compared with the frequency domain approach,
time domain solutions have several distinct advantages. For instances, solutions at all
frequencies can be obtained within one single computation by post-processing the time
domain solution, and acoustic sources of broadband nature can be more naturally sim-
ulated in the time domain. However, the development of time domain approach has
been hindered by two major difficulties. The first was the intrinsic instability in the time
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domain formulations due to the presence of resonant frequencies which are bound to exist
in time domain calculations. The second was the formidably high computational costs
in solving the time domain integral equation. Significant progresses have been made in
recent years in resolving these two major difficulties. Stable boundary integral formula-
tion can now be achieved by using a Burton-Miller type reformulation or a discretization
by Convolution Quadrature [1, 3, 5, 8—10]. And there are recent developments where
computational complexity can be reduced from O (NtN 2) to O (NtN log? N ) where N is
the total number of unknowns on the scattering surface in the three-dimensional space,
and Ny is the total number of time steps [11, 12]. For instance, for March-On-in-Time
(MOT) schemes, the recently developed Plane Wave Time Domain (PWTD) algorithm
can be used to accelerate the far interactions [11], akin to the Fast Multipole Methods
in the frequency domain. Another efficient time domain propagation algorithm is the
multi-level Cartesian Non-uniform Grid Time Domain Algorithm (CNGTDA), based on
the delay- and amplitude-compensated acoustic field [12—14]. With these breakthroughs,
as well as the advances in computational power and new computing architectures, an
increase in the application of time domain integral equations for unsteady aerodynamics
and aeroacoustics is expected in the future.

Compared to these recent efforts, far less attention has been given to the temporal basis
functions used in the MOT schemes. In fact, with a few exceptions (e.g., [15-19]), the
time basis functions used in MOT schemes are still largely limited to low-order shifted
Lagrange basis functions. The focus of the present paper is on suitable temporal basis
functions for the solution of time domain integral equations. Improving temporal basis
functions is important because it will lead to larger allowable time step sizes and will, in
turn, significantly reduce the total number of time steps N, and thus has a direct impact
on the efficiency and accuracy as well as memory requirements of a time domain solver.
Currently, the most popular temporal basis function remains to be the third-order shifted
Lagrange polynomial. A traditional metric of assessing the accuracy of basis functions has
been the order of the polynomials employed. In the present paper, we study the accuracy
in the Fourier frequency space. Unlike the traditional Taylor series analysis on the tempo-
ral basis functions, a Fourier analysis examines the error in the Fourier frequency space.
Lagrange basis functions up to the 6th-order are analyzed for their spectral resolution. As
a result of the Fourier analysis, it is shown that for a given order of the basis functions, the
spectral resolutions for approximating the solution are different from that for approxi-
mating its temporal derivatives that are also required in the integral equation formulation.
To improve the overall temporal spectral resolution, it is proposed that hybrid temporal
basis functions be used in the MOT schemes where different basis functions are used for
interpolating the solution and it derivatives. Stability of the proposed hybrid schemes is
validated by a numerical matrix eigenvalue analysis.

The rest of the paper is organized as follows. In Section 2, formulation of a time domain
integral equation is introduced as it appears in acoustic scattering problems. The need for
temporal basis functions is demonstrated when the integral equation is discretized as a
March-On-in-Time scheme. In Section 3, the Lagrange basis function is defined and for-
mulated as an interpolation problem. Its essential properties as an interpolation tool are
discussed. In Section 4, a Fourier analysis of the Lagrange basis functions is presented.
Based on the Fourier analysis, hybrid schemes are proposed that increase the spectral
resolution of the interpolation in the numerical solution of integral equations. Stability
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of the proposed hybrid schemes for the solution of time domain integral equation is dis-
cussed in Section 5. Numerical examples that demonstrate the effectiveness of the hybrid
schemes are presented in Section 6. Section 7 has the conclusions.

2 Time domain boundary integral equations and temporal basis functions
As an example of time domain integral equation and its requirements on the temporal
basis functions developed in the present paper, we consider the problem of acoustic scat-
tering which, under the no-flow assumption, is governed by the wave equation with a
source term,
3%u
Er2

The domain V € R3 is exterior of a scattering body defined by a closed surface, or

— Vi = q(rt) (1)

surfaces, S. In (1), ¢ is the wave speed and g is the known source. The wave equation can
be converted into a Time Domain Boundary Integral Equation (TDBIE) as follows (e.g.,
[3,5,6,8]):

27 U(Fs ) 1/1 ( t>d+/1 O o)+ LR iy + LR iy | @
wu(st) = = | —q(r tr)dr — | —(rs, ——u(rs, —— —(rs r
oV =2 ), g1k R on R T R IR o T R | s

(2)

where 7 is a smooth point on surface S, % is the in-ward normal derivative on S, and #g
is the retarded time between 7 and ry:

tr =t —R/c, where R=|r; —r| (3)

For a boundary value problem, the normal derivative du/dn is often given and therefore
Eq. (2) establishes an integral equation for the solution u(rs, t) on the scattering surface.
For instance, if u represents acoustic velocity potential, then on solid surfaces, we have
du/dn = 0. To solve the integral Eq. (2) by a Time Domain Boundary Element Method
(TDBEM), the integral surface S is discretized into boundary elements S;, i.e., S = | S,
and the time ¢ is discretized by a temporal grid with a uniform time step At,

L=ty +jAt (4)

where ¢y is an arbitrary time at j = 0. Numerical solution for u(rs, t), denoted by U (rs, t),
is often conveniently expressed as an expansion in surface and temporal basis functions as
Ne N

Ulrs t) =Y > i (O)gi(rs) (5)
i=1 j=0

in which N, is the total number of surface nodes and N; is the total number of time
steps. In this expression, @;(rs) is the surface basis function for the i-th surface node, and
¥;(t) denotes the temporal nodal basis function for ¢;. For simplicity, a constant boundary
element approach is assumed in this paper where ¢;(rs) is unity when rs is inside the
i-th element and is zero elsewhere. Then, the expansion coefficients in (5), uﬁ, represent
the solution at the i-th node and at time ¢;. Furthermore, in this paper, only temporal
basis functions with a finite support are considered. Specifically, we assume () = 0 for
t <tj10rt > tjy, where m is a fixed constant. Consequently, the summation over index

j in (5) will result in no more than m + 1 non-zero terms for any given ¢.
In the collocation MOT approach, expansion (5) is substituted into (2) and the integral
equation is enforced at each surface nodal collocation point and progressively at each
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time step. Using the discretization stipulated in (5), the MOT approach for Eq. (2) results
in an algebraic iteration scheme of the form

K
Bou" = q" — ZBkunfk (6)

k=1
where u” denotes the vector of all coefficients ] at time level £,, 4" denotes the source
term generated by the volume integral in (2), and K denotes the limit for index k. The
matrices By, By, ..., Bx are the coefficient matrices resulting from the discretization of
TDBIE (2) as described above. Explicit expressions for the B matrices can be found in [8].
While it has been well-known that the MOT scheme derived directly from the TDBIE
(2) suffers from long time instability, the instability can be effectively eliminated by apply-
ing a Burton-Miller type reformulation to the TDBIE [1, 3, 5, 8]. The Burton-Miller
reformulation involves applying the follow differential operator, a linear combination of

the time and normal derivatives, to the TDBIE (2):

d 0
Frimirm (7)
As evident from the discussions above, to solve the integral Eq. (2), there is a need
to evaluate the solution U(ry,t) and its temporal derivative ‘Z—i[(rs, t) at retarded time
tr = ty — R/c which may or may not fall on temporal nodal points. When ¢z does not lie
on a nodal point, approximation by interpolation would be required. Furthermore, when
Eq. (2) is cast into a Burton-Miller type reformulation by the operator (7), there is also a
need to compute the second-order time derivative % (rs, t). It has been customary in the
literature that these time derivatives are to be computed using the same temporal basis

functions as in expansion (5). This results in the following approximations:

e NL
(rs, =YY Wy Opirs) 8)
i=1 j=0
Ne Np
7 Lo = O wy] Oeitrs) )
i=1 j=0

where 1#; (¢) and 1//}»// () denote, respectively, the first and second derivatives of ¥;(t) with
respect to £.

The focus of the present paper is to study in detail suitable temporal basis functions
¥;(t) to be used for computing U (rs, £), % (rs, t), and 3327[21 (rs, £).

3 Formulation of temporal basis functions

3.1 Classical shifted Lagrange basis function

In the literature (e.g., [3, 5, 16]), temporal basis function ;(t), appearing in (5), is often
taken to be of the following form,

Yo (1) —-1<1t<0
\If_l(‘l,') O<rt < 1
W _o(T l<t<2
Yo =vw =] 20 = (10)
v_,, (1) m—1<t<m
0 other
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in which T = (t—t;)/ At, m is the chosen order of basis function, and W, (7), £ = —m, ..., 0,
are shifted Lagrange polynomials formed as follows:

0
T -0
W(r) = ‘=*’”"#0 . f=—m..0 (11)
[T G-0
i=—m,iF#l

n

Here, the product notation is used where, e.g., [ a; denotes a; - a - as - --a,. For
i=1

convenience of discussion, W, (t) will be referred to as t-normalized basis functions.

Equation (11) yields a temporal basis function that is a piece-wise m-th order polynomial.
For instances, the popular third-order shifted Lagrange basis functions are the following:

1+%r+12+%t3 —1<1t<0
1+%1’—r2—%13 0<t<l1
Y(r) = 1—%r—r2+%13 l1<1<2 (12)
1—%1’—}—1’2—%7;3 2<1t<3
0 other

Function W(7) is plotted in Fig. 1 for cases of m = 3, 4, 5, and 6. It represents the
influence of the nodal value at £; on other points in time. Here, the temporal basis function
is considered to be causal on a discretized grid if v/;(t) = 0 for all £ < ;1. Because the

1.5 1.5
— 3rd-order (m=3) — 4th-order (m=4)
1.0 1.0]
0.5 0.5
© ©
5 0.0} = 0.0
—0.5] —0.5
1.0 —1.0
1.5 15
=1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 =1 0 1 2 3
T T
1.5 1.5

— 6th-order (m=6)

— 5th-order (m=5)

1.0 1.0]
0.5 0.5

© ©
= 0.0] = 0.0
—0.5) —0.5
1.0 -1.0
-1.5 -1.5

=1 0 1 2 3 4 5 =1 0 1 2 3 4 5
T T

Fig. 1 t-normalized basis function for the 3rd- to 6-th order Lagrange basis functions as defined in (11). Here
T = (t — t))/ At with respect to temporal node ¢;

Page 5 of 18
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temporal basis function (10) has a finite support in time and causal by design, we have,
for any ¢ € (ty—1,%),

Ny
D w0 = iY@ + w T Y @) + T Y (8) (13)

j=0

That is, the value at time ¢ € (¢,—1,%,] depends only on those at a time no later than
t, and no earlier than ¢,_,,. In terms of the 7-normalized basis functions W,(7) the

expansion in the above is

Ny
; t—t, . t—t, 1 B t—tym
>yt = v (0 )t (S g, ()

j=0
(14)

Equation (13) shows that a use of the basis function of the form (10) results in
an interpolation for the value at ¢t € (¢,-—1,t,] from those on temporal nodal points

Li—ms s lu—15tn.

3.2 Generalized temporal basis function

To further analyze the accuracy of an interpolation scheme of the form (14), we consider
a general interpolation problem for a value at Zj, where Z, =t —nAt,0 <15 < 1,usinga
stencil from ¢ to ¢y N:

N
U@) =Y Sumu™ (15)

{=—M

as illustrated in Fig. 2. Here U(t) denotes the approximation for u#(£) by the interpolation.
To satisfy causality for the interpolation, it would be required that N = 0. The analysis
presented below, however, will be valid for any N > 0. For brevity, the subscript in L/L has
been dropped in (15).

nAt

e

ti-nr bt

Fig. 2 A schematic diagram for a general interpolation stencil (denoted by closed circles) along the time grid
for a point Ij (denoted by the open square) between ;_1 and ¢;. Open circles indicate the temporal grid points
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In (15), S¢(n) are the coefficients of the interpolation scheme for the value at any point
tj located in (¢j—1, t;]. For the Lagrange interpolation polynomials, we have simply

N N
[T &=t [T «@+mn
=ML =M
Seln) = = _ e (16)
[T @Gre—tiye) [T @-0
=M =ML

It is also straightforward to find that when S;(n) in (15) is converted to temporal basis
functions and expressed similarly to that in (10), we have the equivalent t-normalized
basis functions as

Yy(r) =Se(—=t—¥0), €£=-M,.,N (17)

where 1 and 7 are related as

b — tie
= Y] 18
T At n (18)

Conversely, we have
Se(n) = We(—n —2£) (19)

For convenience of discussion, the Lagrange interpolation basis function as defined by
(15) and (16) will be denoted as the Lag-(M, N) scheme. For instance, the third-order
shifted Lagrange basis function (12), with M = 3 and N = 0, is denoted as Lag-(3,0)
scheme. The explicit forms of the T-normalized basis functions for Lag-(4, 0), Lag-(5, 0),
and Lag-(6, 0) schemes are given in Appendix 1.

As noted earlier, in the formulation of time domain integral equations, interpolations
for the derivatives with respect to time (up to second-order when the Burton-Miller type
formulation is used) are also required. Their approximations can now be written as

N

dul 1 o

s ) = oy E Sy (mu/tt (20)
=M

LU - .

LUy = LS st ey

l=—M

where S} (17) and S}/ (n) are respectively the first and second derivatives of S¢(n) with

respect to n.

4 Fourier analysis of temporal basis functions
Next, we present an error analysis of temporal interpolation schemes (15), (20) and (21)
in the Fourier frequency space. While the accuracy of an interpolation scheme is tradi-
tionally assessed by the order of the interpolating polynomials, the present error analysis
will be carried out in the Fourier frequency space.

Given a grid function /, defined on a uniform grid of ¢; = #o + jA¢, its discrete Fourier
transform is [20]

o0
i(w) = At Y e (22)
j=—00

Page 7 of 18
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where w is the frequency. The inverse transform for (22) is

) 1 /At )
W= P e N (w)dw (23)
T J_m/At

Equations (22) and (23) indicate that the frequency range for the spectrum of a grid
function  would be one that is continuous but limited to %, the Nyquist limit. The
objective of the present study is to investigate interpolation schemes that preserve the
spectrum Z(w) as much as possible.

It is well-known that a special interpolation function called cardinal interpolation,
denoted as U’ (¢), that recovers the full spectrum #(w) as defined in (22) and (23) can be

constructed as follows [20],

. 1 /At t— t
u' () = —/ e i (w)dw = Z Wsinc (Atn> (24)

27 —m/At j=—00

Its Fourier spectrum is

u(w), |wAtl<mw

(25)
0, |wAt] >

U (w) = / - Ul tetds = {
—00
While (I’ (w) does preserve the full spectrum of i/, its interpolation stencil is unfortu-
nately infinitely wide.
We now consider the accuracy of the interpolation defined in (15), (20) and (21) in the
Fourier frequency space. Following the definition of discrete Fourier transform in (22),
the spectrum of the interpolated values U(Z) computed on the grid §; = ¢; — nAt is

[ee) N
U(n,w) = At Z U (t —nat) 71202 = Ap S |3 sy (mudt | eltmnaoe

j=—00 \j=—M

Z Se(n) | At Z u/+€ itjw e—ina)At

{=—M
N 00
— e—inwAt Z S[(T])e_iewAt At Z uj+€eit,-+4a)
(=—M Jj=—00
N
— e*mlUAt ( Z Se(n)ellwAt> I:i(a)) (26)
=—M

As the last expression in the above shows, an interpolation scheme of the form given in
(15) will modify the spectrum of the original data 2/ by a factor of

N
Fo(n, &) = ™% ( > Sz(n)ef“) (27)

l=—M

where & is the non-dimensional frequency;,
£ =wAt (28)

The ideal value for Fo(n,£) is of course unity for all n and &, and any deviation of

Fo(n, &) from unity represents the error of interpolation in the Fourier frequency space.

Page 8 0of 18
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To facilitate the ensuing discussions, we introduce the following as a measure for the error

of interpolation in the frequency space:
N

Eo, &) = Y Se(pe ™ — e (29)
=—M

Furthermore, interpolation errors for approximating the first and second derivatives
with respect to time will be assessed by E1(n,£) and Ex(n,£) respectively defined as

follows:
dEo S o —its _ e ink
E(n,§) = ——(1,6) = ) ;e — ige” (30)
n {=—M
d2E N . ,
Ey(n,6) = W;(n,é) = Y S/me ™ 4 g% (31)
=—M

While convenient to work with, the error functions Eo(n, §), E1(n, &), and Ez(n, ) can
be shown to be related to the relative errors in the Fourier space for the approximations
(15), (20) and (21), respectively (see Appendix 2). Clearly, magnitude of the errors depends
on 7 as well as &£. The value 7 indicates the location of the point between two nodal points
and the value £ is the frequency non-dimensionalized by the time step. For instance, a
value of & = 7 /n represents a wave of period 2nAt. For the Lagrange basis functions of
order 3 to 6, the maximum values of these errors in the range of 0 < 1 < 1 as functions of
the non-dimensional frequency & are plotted in Fig. 3. It is seen that for a given interpo-
lation stencil, the largest error occurs for E; for interpolating the second derivatives. On
the other hand, all the errors become smaller when the number of stencils increases.

As Fig. 3 reveals, the magnitude of the interpolation errors in Fourier frequency space
is not the same for approximating U/, dU/dt, and d*U /dt?, being largest for E5(n, &) and
the smallest for Eyg(n,£). To reduce the impact of the lowered accuracy in approximat-
ing the derivatives, it is proposed that a hybrid approach be taken where a wider stencil
be used for computing dl/dt and d?U /dt*. For instances, when Lag-(3,0) is used for
the expansion for U, Lag-(4,0) or Lag-(5,0) might be used for the expansion for dU /dt
and d2U/d¢t? in (20) and (21). In this way, the accuracy in spectrum approximation can

0.005
0.004
&
;u;ovoo3
ZQ;
xo_ 0.002]
— Bl Lag-3,0) 1| E — ||, Lag-(4,0)
—- |B,|, Lag-(3,0) 0.001f —- |E|, Lag-(4,0)
- |B,|, Lag-(3,0) - |E,|, Lag-(4,0)
1.0 1.2 14 0. .0 1.0 12 1.4
0.00!
0.004|
&
570,003
'.xi;
6 0.002|
— B, Lag-5.0) || E — B, Lag-(6,0)
—- |E,|, Lag-(5,0) 0.001] —- |E,|, Lag-(6,0)
- |B,|, Lag~(5,0) - |B,|, Lag-(6,0)
0 0.0 0—2 0.4 0.6 0.8 1.0 12 14 0.00, 0 0.2 = 0.4 0.6 0.8 1.0 12 14
wAt wAt
Fig. 3 Maximum of error functions £9(n, &), E1(n, &) and E£(n, &) for 0 < n < 1 as afunction of § = wAt, for
Lagrange schemes Lag-(3,0), Lag(4,0), Lag-(5,0), and Lag-(6,0) as indicated

Page 9 0of 18
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be kept relatively the same. Temporal schemes with one set of basis functions for I/ and
another for its derivatives will be referred to as hybrid schemes, denoted by Lag-(M, N)-
(M7, N1)-(M3, Ny) where (M7, N7) and (M3, Np) indicate, respectively, the interpolation
stencils used for approximating the first and second derivatives. To the author’s best
knowledge, this is the first time a hybrid temporal basis function is proposed for MOT
formulations.

Of particular interest would be the hybrid scheme Lag-(3,0)-(5,0)-(6,0). For this par-
ticular combination, the errors curves in Fig. 3 behave similarly when |Ey| for Lag-(3,0),
|E1| for Lag-(5,0), and |E;| for Lag-(6,0) are compared. All the three curves show a spec-
tral resolution up to about wAt = 0.6, or about 11 points per wavelength, if a criteria
of errors being less than 0.5% is used. This is a significant increase from using Lag-
(3,0) for all three types of interpolations where the spectral resolution would be limited
to about 25 points per wavelength. Unfortunately, Lag-(3,0)-(5,0)-(6,0) hybrid scheme is
found to be unstable by the eigenvalues analysis to be presented in Section 6. In fact,
the only stable hybrid schemes using the Lagrange basis functions are Lag-(3,0)-(4,0)-
(4,0) and Lag-(3,0)-(4,0)-(5,0) when Lag-(3,0) is used for approximating U. To gain still a
broader spectral resolution and better stability properties, we consider in the next section
optimized temporal basis function to be coupled with Lag-(3,0).

5 Optimized scheme

We carry out an optimization of the Lagrange interpolation scheme where the for-
mal order of interpolation is lowered but spectral resolution is increased. The general
polynomial form of Sy (n) for an interpolation scheme written in (15) is:

M+N
Se =Y aPn" (32)
n=0

The coefficients a%) are to be determined such that the following expression, which is a

sum of the three types of error functions in the Fourier space,

& 1
OBJECTIVE: E= f . /0 [lEom, &) + [Ex(n, &) + |E2(n, §)1*] dnde ~ (33)

is minimized. In (33), Eo(n, &), E1(n, &) and Ex(n, §) are that given in (29), (30) and (31)
respectively, and & is a chosen limit of the non-dimensional frequency for optimization.

In carrying out the optimization process, two additional conditions will also be
imposed. The first is the order of interpolation m. By expanding (29) as a Taylor series in
& and enforcing the equation up to order m, we get

N
St = (=mf=0, k=0,1,2,.,m (34)
=—M

This condition ensures that the resulting optimized interpolation is accurate to order
m in n and &. In terms of the coefficients a%) as defined in (32), the order condition (34)
leads to the following constraint for optimization:
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N
CONSTRAINT I : Z *a® = (1)K, n=0,1,.,M+N, k=0,1,..,m
{=—M
(35)

In particular, when the highest possible order for (34) is enforced at m = M + N,
Lagrange interpolation results. For the optimizations carried out in this section, the
imposed order will be taken to be less than M + N, which frees up some of the coefficients
al? for optimization.

The second condition is to ensure that for the point that falls on the grid, Zj = tj, the
interpolation will return exactly the value at the grid point, i.e., by (15), we require that

N
U = > SO =v (36)
=—M
This leads to
CONSTRAINTII: 4l =1, and 4y’ =0, £#0 (37)

To find stable hybrid schemes where Lag-(3,0) is used for approximating /(¢), mini-
mization of (33) has been carried out for the case of M = 5 and N = 0, by lowering the
formal order to be m = 3 in (34) and letting & = 0.5 in (33). The optimized scheme will
be denoted as Opt-(5,0) and is given below:

t-normalized optimized Opt-(5,0) basis functions:

1 + 2.2537083962821787 + 1.8029805678460607> -1<1<0
+0.643562957920323873 + 0.098008257060552267% + 0.0037174755664446157°
1.000000022219608 + 1.0653098321283507 — 0.650031544468553072 0<t<l1
—1.03157180103492873 — 1.0315718010349287% — 0.021702504671913721°
1.044537108372981 + 0.13593489497085007 — 0.922768965898130072 l<t<2
—0.712969250014893073 + 0.40563090929089417% + 0.049635263023208737°
Y(r) = 0.04191437020961000 + 1.9612268426129107 — 3.4821502900252507 2 2<1<3
+1.51889375628815073 — 0.024951273442862007* — 0.05.5865516702590007°
4.045886482021400 — 6.0170253865854207 + 2.57020037486279072 3<t<4
+0.00959265200650900073 — 0.20901544959949327% + 0.031047885190985667°
—1.096201066066790 + 0.22703019982868007 + 0.681769857682937072 4<1<5
—0.427508315165140073 + 0.092331560863464407% — 0.0068326024061352607°
0 other
(38)

The errors in Fourier frequency space for the optimized Opt-(5,0) scheme is shown in
Fig. 4. Also shown in Fig. 4 is the error function Ey of scheme Lag-(3,0) for approximating
U(¢), which is seen to be now comparable with that of E; and E; of the Opt-(5,0) scheme.
As such, using Opt-(5,0) to approximate dll /dt and d>U /dt* will result in a more uniform
accuracy in the frequency space than using Lag-(3,0) for approximating all the temporal
derivatives.

This hybrid scheme will be denoted as Opt-(3,0)-(5,0)-(5,0) to indicate that the inter-
polation for U(t), dU/dt, and d*U/dt* is done by Lag-(3,0), Opt-(5,0), and Opt-(5,0)
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0.005
0.004
S}
&y'0.003
LE 0.002 |E, |, Opt-(5,0)
(@]
E |E1 ’ Opt-(sro)
0.001 |E,y|, Opt-(5,0)
|Ey |, Lag-(3,0)
0.000s 0.2 0.4 0.6 0.8 1.0 1.2 1.4

wAt

Fig. 4 Maximum of error functions £q(n, &), E1(n, &) and £,(n, &) for the optimized Opt-(5,0) scheme. Also
shown is the error function £y for the Lag-(3,0) scheme

respectively. The hybrid Opt-(3,0)-(5,0)-(5,0) scheme is found to be stable by an eigen-
value analysis that is to be described in the next section.

6 Stability of hybrid temporal schemes

To check for the stability of the proposed hybrid schemes, a matrix eigenvalue analysis
is conducted. Stability of iteration schemes of the form (6) can be analyzed by the eigen-
values of its corresponding homogeneous system [21]. We look for solutions of the form

n

u" = 1"eg (39)

to the homogeneous system of (6), where A is the amplification factor of the eigen-
solution. By substituting (39) into (6), we obtain a polynomial eigenvalue problem

[BO/\K + B AT Bod 2 Brh + BK] e =0 (40)

The above can be cast into a generalized eigenvalue problem as follows:

—By =B --- .-+ —Br1 —Bg 7] [ ex—1 o 0 0 --- 00 €K1
1 0 - - 0 0 ex—_o o 1 0 -.--0 0 ex—2
o Co = 000 (41)
0 0 e oen- 0 0 el o 0 0 --- I O el
0 0 v ee- I 0 e 0o 0 0 ---0 I e

where e; = VMeg. For numerical scheme (6) to be stable, it is required that [A| < 1 for all
eigenvalues of (41).

Eigenvalues of the generalized eigenvalue problem (41) can be found via a sparse eigen-
value solver available in MATLAB and Python. Since here the eigenvalue analysis is
conducted numerically, the tests for stability of the hybrid schemes have been carried out
for two types of geometry. One is a smooth body of a sphere with radius being 0.5 and the
other a sectional convex parabolic wing defined as follows:

z=01Lc (1 —«*/L%), —Ly<x<L, -L,<y<IL, (42)
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where Ly = Ly = 0.5. The scattering surfaces of the sphere and parabolic wing are
discretized, respectively, by 960 and 1092 quadrilateral elements. It is found that stable
hybrid schemes are Lag-(3,0)-(4,0)-(4,0), Lag-(3,0)-(4,0)-(5,0), as well as Opt-(3,0)-(5,0)-
(5,0) as noted in Table 1.

7 Numerical results

In this section, the hybrid temporal basis functions are applied to the numerical solution
of scattering of a point source by a sphere, as shown in Fig. 5. The sphere is assumed to
have a rigid surface for which an analytical solution exists. The radius of the sphere is 0.5
and a point source is placed at r = (0,0, 1). Specifically, the source term in (1) is of the

form
q(r,t) = e_‘”28(r —ro)

where ro = (0,0,1) and 0 = 1.42/ (6A1)2. By solving the time domain boundary integral
equation, scattering solutions at all frequencies, within the resolution of time domain
temporal basis functions used, can be obtained in one single time domain calculation. In
Fig. 5, the time domain solution and the converted frequency domain solution are both
illustrated.

To examine the accuracy and benefits of the hybrid temporal basis functions, numerical
solution along a line in the plane z = —2.5 and y = 0 will be compared with the exact
solution, as shown in Fig. 6. For the examples presented in this section, 32,642 constant
elements are used. Here, the extra fine resolution on the surface is used for the purpose of
isolating as much as possible the errors by the temporal basis functions from that by the
spatial discretization.

We define an L2 error of numerical solution along a field line as follows:

[|U(r, w) — Z:iexczct(r, )|z

||ﬁexact(r; )||2

Ep,(0) = (43)

where ey (1, @) is the known analytical solution. The L2 errors as defined in (43) are
tabulated in Table 1 for results at frequencies wAt = 7 /12,7/8,7/6, and 7 /4. The cho-
sen frequencies are respectively for spectral resolution of 24, 16, 12, and 8 points per
wavelength.

Compared with the traditional Lag-(3,0) temporal basis function, using Lag-(4,0) for
the first and second derivatives in the hybrid approach increases the spectral resolution
considerably. For instance, for the frequency of wAt = /8, namely to resolve a wave
period of 16At, the Lag-(3,0) scheme has an error of nearly 2% while the hybrid Lag-
(3,0)-(4,0)-(4,0) has the error reduced to less than 0.4%. Furthermore, using the optimized

Table 1 A list of stable hybrid schemes where U(t) is interpolated by using the Lag-(3,0) scheme and
its derivatives by a wider stencil

Hybrid schemes denoted as Eigenvalue Temporal Resolution Errors (L2 norm (43))
(M, N)-(My, Ny )-(Ma, No) analysis wAt=7/12  wAt=7/8 wAt=7/6 wAt=m/4
Lag-(3,0)-(3,0)-(3,0) Stable 0.00533780 0.01995454 0.04894223 0.15217784
Lag-(3,0)-(4,0)-(4,0) Stable 0.00091520 0.00389055 0.01211062 0.09690772
Lag-(3,0)-(4,0)-(5,0) Stable 0.00106346 0.00413456 0.01189096 0.05654576
Opt-(3,0)-(5,0)-(5,0) Stable 0.00114423 0.00392707 0.00700110 0.01436286

Also shown are the errors in L2 norm for the example presented in Section 7
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I |
Fig. 5 lllustration of a time domain solution (a and b) and its converted frequency domain solution

(cand d), scattering of a point source at point (0,0, 1) by a sphere of radius a = 0.5 centered at (0,0, 0)
Shown are the solutions at frequency wAt = 7 /8 and 7 /4, computed with cAt/a = 1/24
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hybrid scheme Opt-(3,0)-(5,0)-(5,0), the solution at w At = 7 /6, or a wave of period 12At
is still quite accurate with an error of 0.7%. Solutions along a field line located at r =
(x,0,—2.5) for —2.5 < x < 2.5 are shown in Fig. 6. By using the optimized Opt-(3,0)-
(5,0)-(5,0) scheme, even the solution at wAt = /4, or a wave of period 8 At, is reasonably

accurate while the traditional Lag-(3,0) scheme, on the other hand, has lost its resolution

completely.
0.03 0.03
o0 exact, wAt=r/4
#K | == Lag-(3,0)
4 b | — Hybrid Opt-(3,0)-(5,0)-(5,0]
0.025 0.025 lybrid Opt-(3,0)-(5,0)-(5,0)
0.020 0.020]
Jo.013 20.015| %
= 3

0.010f 0.010|

0.005| 0.005

0.00

=) =) 0 T 7 0.000——; =)
X

x o
|
N

Fig. 6 Frequency domain solution along a field line r = (x,0, —2.5) for — 2.5 < x < 2.5. Shown are the

computational results by using the traditional Lag-(3,0) and the hybrid scheme Opt-(3,0)-(5,0)-(5,0) schemes.
Also shown is the analytic solution for comparison. (@): w At = 7 /6; (b): At = 7 /4
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For the solution of time domain integral equations, an increase in time step also results
in a reduction in memory requirement. For the MOT scheme shown in Eq. (6), storage of
the solution up to the previous K time steps are required where K is the following [8]:

K= L + M (44)
N

in which L is the spatial dimension of the scattering body and M is the limit of interpo-
lation stencil appearing in (15). So K is nearly inversely proportional to the time step At.
An increase in resolution from 16 points per wavelength to 8 points per wavelength, for
instance, results in a reduction of memory by nearly 50%.

8 Conclusions

A Fourier analysis of the temporal basis functions used in the March-On-in-Time
schemes is presented. One of the advantages of a Fourier analysis is that it provides a
quantitative measure of the temporal interpolation errors in the frequency space. Tempo-
ral resolutions of 3rd, 4-th, 5-th, and 6-th shifted Lagrange basis functions are presented.
Based on the formulation of the Fourier analysis, hybrid temporal basis functions that
significantly extend the resolution in the frequency space are proposed. Stability of the
hybrid scheme is achieved by an optimization process that reduces the formal order of
the scheme but extends the spectral solution. The substantial gain in accuracy as well as
stability of the new basis functions are demonstrated by numerical examples. The use of
hybrid basis functions keeps the error low for a larger range in the frequency space and,
conversely, for a given range of frequency of interest, a larger time step can be used with
the optimized temporal basis functions. The increased time step size not only results in
an increase in computational efficiency, it reduces substantially the requirement on the

memory as well.

Appendix 1
The classical Lagrange t-normalized basis functions for the 4th-, 5th-, and 6th-order are
listed in this appendix. Also listed are the optimized Opt-(3,0) and Opt-(4,0) schemes.
The Opt-(5,0) scheme is given in (38).

Lag-(4,0), 4th-order basis functions:

1+%T+%T2+%T3+ﬁf4 -1<7t<0
1—{—%'[—%1’2—%1'3—%‘[4 0<t<1
1—%124-%14 l<t<2
U(r) = (45)
' l—gr—%r2+gt3—%r4 2<1t<3
—%T—I—%TZ—%TS—Fi‘LA 3<t=<4
0 other
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Lag-(5,0), 5th-order basis functions:

1+137T—|—15 2+ .[3+ T +1205 —1<T§0

5.2 253  3_4 1._5
1+12‘L'—§7,' — 53T —gT — 34T 0<t<l1
1+%r—212 r + r4+1215 l<t<2

_ _1__52, 5.3, 1_4_ 5
Y(r) = l—3gt =317+ 577+ 37 5T 2<1t<3
S‘C—ft +%Zt3—%r4+ﬁr5 3<t<4

137 15,2 3,1 1.5
1-%Gt+3 22T+ 3 20T 4<1<5

0 other

Lag-(6,0), 6th-order basis functions:

1+ f+20372+49 3+144T +24of +720 z°

77 49 2 7.3 7. 4 7.5 1 6
I+ 56T — 1207 — 57 127 50° 120°
1+T727_%12 35 3+4sf+4sf+486

_ 492 4_ 1.5

36°¢ +1ST 367

Y(r) =

1—172r——r +35 3+4s 47*875+ﬁ76
77 49 2 7.4, 7.5 _ 16
60° ~ 120° + 127 t &t 120°

3 4 7 5, 1 _6

03,2 493
+ — 280 t1at — a0 T 707

'(

Opt-(3,0) basis functions (optimized using m = 2 and §y = 0.3):

1.000113218750436 + 0.49560144968927107 — 1.0150542104101797>
—0.480660458029528273

W(r) = 1.019228975642691 — 0.54628682418805007 — 0.964386944830455072
+0.491361556506903973

0.9954960870152810 — 1.8336787549876007 + 1.00267823031178272
—0.167354218328093273

0

1+ 1.8201575386221237 4 0.976762924928853572 + 0.156653119850717573

—-1<1t<0

0<t<l1

l<t<2

2<1t<3

3<1t<4

4<t<5

5<1t<6

other
(47)

—-1<7t<0

0<7t<l1

l<1t<2

2<t1<3

other

(48)
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Opt-(4,0) basis functions (optimized using m = 3 and & = 0.3):

1+ 2.0714209013009487 + 1.43174898105730872 —1<71<0
+0.396854143012842673 + 0.036527107804407617%
0.9999963005105105 + 0.82734708303903407 — 0.838750950970659072 0<t<1
—0.838163171538519073 — 0.15042926104036657%
0.9725752546323810 + 0.096926995512530007 — 1.38313725392431072 l<t<2
W(r) = +0.0815146986656690073 + 0.23212513629465387%
1.187102550021850 — 1.1771225873238707 — 0.600018437087130072 2<71<3
+0.764043545232849073 — 0.15907092068583867 %
0.8614444096135440 — 1.9222723082743187 + 1.39015766092480272 3<t<4
—0.404249215372842273 + 0.040847937627143707%
0 other
(49)

Appendix 2
In this section, we show the relationship between the error functions Ey(n, &), E1(n, &),
E»(n, &) defined in (29)-(31) and the approximation errors in the Fourier space.

Under the order condition (34), we have E;(n,£) = O(™*!) for i = 0,1,2, where
& = wAt. By Eq. (21) and the definition of Ey(n, §) in (29), we get the following relation
between the Fourier spectrum of the original grid data iz(w) and that of the interpolated
values I (n, )

U(n,&) = e ™ (Eo(n, &) + ™) i(w) = (e Eo(n, &) + 1) it(w) (50)
It follows that
f:[ ) A
(@)“%=%mw (51)
u(w)

Therefore, Eq(n,&) represents the relative error of the interpolation approximation
u (Zj) of (15) in the Fourier space.

Similarly, using Egs. (20) and (21) and the definition of E1(n, £) and Ea(n, £) by (30) and
(31), respectively, it can be shown that

G 06— G@ | _ |Em9) (52)
%(a)) €]
and
2U (3, 6) — L4 (i) _ B0, ©)] (53)
dzu( ) |$2|
dt?

where it is assumed that, for the original grid data, (a)) = (—iw)u(w) and £ dt2 (a)) =
(—iw)20(w). That is, E1 (1, &) and Ea(n, €) are respectlvely related to the relative errors of
approximation (20) and (21) for the first and second derivatives in the Fourier space.
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