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Abstract—Nurmuhammad et al. proposed two Sinc-
Nystrom methods for initial value problems. The dif-
ference between the two methods lies in the variable
transformations employed in them. One method uses a
single-exponential (SE) transformation and the other uses
a double-exponential (DE) transformation. This paper pro-
poses new methods by replacing these transformations to
achieve a high convergence rate for the method with the SE
transformation, and to enable the inverse function of the DE
transformation to be written with elementary functions.

1. Introduction

The focus of this study is on the numerical methods used
for initial value problems of the following form:
y' (@) = K@y + g,
)]
y(0) =r,

where K(f) is an m X m matrix whose (i, j)) component is
kij(), and y(1), g(t), and r are m-dimensional vectors. In
this paper, the solution y(¢) is supposed to decay exponen-
tially as t — oo. For such a case, Nurmuhammad et al. [1]
proposed two types of Sinc-Nystrém methods, which were
developed based on the Sinc indefinite integration and a
variable transformation. A single-exponential (SE) trans-
formation is employed in one method, and we call this
method the SE-Sinc-Nystrom method. The other method
employs a double-exponential (DE) transformation, and we
call it the DE-Sinc-Nystrom method. They reported that
these methods can attain exponential convergence even for
stiff problems.

This study improves their methods by replacing the
variable transformations (a) to achieve a higher conver-
gence rate for the SE-Sinc-Nystrém method and (b) to
permit the inverse function of the DE transformation to
be written with elementary functions for the DE-Sinc-
Nystrom method.

The remainder of this paper is organized as follows:
the Sinc indefinite integration combined with a variable
transformation is described in Section 2, the Sinc-Nystrém
methods developed by Nurmuhammad et al. are described
in Section 3, the improved Sinc-Nystrom methods by this
study are presented in Section 4, numerical examples are
shown in Section 5, and conclusions are given in Section 6.

2. Sinc Indefinite Integration and Variable Transfor-
mations

The Sinc indefinite integration over the whole real axis
is expressed as

N
f F(x)dx ~ Z F(jJG:mE), &€R, ()

Jj=—M

where J(j, h)(x) is defined by using the sine integral Si(x) =
i ((sint)/1} dt as

. 3 1 1 . (#x(x-jh)

In what follows, we consider the application of the Sinc
indefinite integration to

1(®) ::ff(s)ds, t € (0, 00).
0

For this purpose, we should employ a proper variable trans-
formation to transform (¢) to the left-hand side in (2).

2.1. SE Transformations
Stenger [2] considered an SE transformation
t = Yn(x) = arcsinh(e®),

and derived the following formula:

Ul (r)
f SN (x) dx

00

1(n)

Q

N
DT FUNGIUAGDIG DR @), (3)
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Instead of ¥ (x), Muhammad—Mori [3] considered an-
other SE transformation

1= yu(x) = log(l +¢%),
and derived the following formula:

Ui ()
I(n) = f Sy (x) dx

00

N
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Error analyses for the formulas (3) and (4) have already
been given as follows. Here, let &, denote a strip complex
domain defined as &, = {¢ € C : |Im{] < d} ford > 0.

Theorem 1 (Okayama [4, Theorem 3.2]) Assume that f
is analytic in yN(D,;) with 0 < d < nt/2 and that there exist
positive constants K, a, and 3 such that

a-1
lef )

@l < K '%ﬂ

holds for all 7 € Yyn(Dy). Let u = min{a, B}, let M and N
be defined as

M=n, N=[an/Bl (ifu=a), ©)
N=n, M=[Bn/a]l (fu=p),
and let h be defined as
h= ﬂ @)
un

Then, there exists a positive constant C independent of n
such that

sup
t€(0,00)

< Cem Vrmdun, ®)

J==

N
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Theorem 2 (Hara—Okayama [5, Theorem 2]) Assume
that f is analytic in Yyy(Z,) with 0 < d < w and that there
exist positive constants K, B, and a with 0 < a < 1 such
that (5) holds for all 7 € yy(D,). Let u = min{a, B}, let M
and N be defined as in (6), and let h be defined as in (7).
Then, there exists a positive constant C independent of n
such that

N
sup 1) = " G GIG )W ©)

te(0,00) j=—M

< Ce™ Vrm, ©)

In view of (8) and (9), the convergence rates of the two

methods seem to be the same: O(e” \/77/1'1). However, the
rate in Theorem 2 may be higher than that in Theorem 1 in
reality. This occurs because the value of d in Theorem 2
may be taken larger than that in Theorem 1.

2.2. DE Transformations

Instead of the SE transformations, Takahasi—-Mori [6]
proposed an improved variable transformation, the so-
called DE transformation,

1= ¢n(x) = exp(x —e™).

Although they did not consider the indefinite integral I(r)
(but the definite integral /(c0)), we can derive the following
formula using the transformation as

by (1)
1) = f F@n ()P (x) dx

00

N
> ) FONGI GG ().

=

However, we cannot express its inverse function ¢§1(t)
with elementary functions, and any error analysis for the
formula has not been given. To remedy these issues,
Okayama [4] proposed another DE transformation

t = ¢u(x) =log(l + eﬂsinh(x)),

and derived the following formula:

S (0)
I(n) = f J(pn(0))py(x) dx

00

N
= > Feu(GGIIG Gy (1),
j=M

and performed its error analysis as below.

Theorem 3 (Okayama [4, Theorem 3.5]) Assume that f
is analytic in ¢y(ZD,) with 0 < d < /2 and that there exist
positive constants K, B, and a with 0 < a < 1 such that (5)
holds for all z € ¢pu(Z,). Let u = min{a, B}, let M and N
be defined as

{M =n N=n=L(/h)-logla)]  (u=a).

N=n, M=n-[(1/h)-loga/B)] (fu=7),
and let h be defined as
,_ log(dn/)

n

Then, there exists a positive constant C independent of n
such that

N
1= " FeuGIGHIG @3 ©)

sup
1€(0,00) =M
<C IOg(ZdVZ//.l) e—ndn/ log(2dn/u) . (1 1)

n

The convergence rate of (11) is much higher than that
of (8) or (9).
3. Sinc-Nystrom Methods by Nurmuhammad et al. [1]

3.1. SE-Sinc-Nystréom Method

Integrating both sides of (1), we derive the following:

yo =r+ fo {K(s)y(s) + g(s)} ds. 12)
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Let/ = M + N + 1 and let y(¢) be an approximate solu-
tion of y(f). Approximating the integral in (12) based on
Theorem 1, we derive

N
YO =r+ > {K@n(ywnin)

Jj=—M

+ gUNGIDWAGIIG DR @), (13)

To determine the unknown coefficients y® (i ( Jjh)), we set
sampling points at t = yn(@h) (i = -M,-M + 1,...,N).
Then, we obtain a system of linear equations given by
(In ® I = Iy ® {1 DK Y o)
=R+1,®{h""DYVIG™, (14

where I; and I, are identity matrices, ® denotes the Kro-
necker product, and Il(_l) is an [ x [ matrix whose (7, j) com-
ponents are defined as

B | D
Iy = 5+ =S ),
(,j=-M,-M+1, ..., N).

Moreover, D;‘/’N)

fined as

and Kl.(}['N) are [ X [ diagonal matrices de-

D;m = diag[yy(=Mh), ..., Y (Nh)],
Kj(}bN) = diag[k;j(yn(=Mh)), ..., kij(yn(Nh))],

and [Ki(}””)] is a block matrix whose (i, j) component is

Kl.(fN) (i,j = 1,...,m). Furthermore, R, Y¥N, and GYN
are Im-dimensional vectors defined as follows:

T
R:[r17" 512, arm,"'srm]9

Y = P n(-Mh)), ...,y (n(Nh)),

L YRWUNMR)), YD (N,
G = [gi(Un(~MD)),..., g (In(Nh)),

2 8mWUN(=Mh)), ..., gn(n(NR)]".

1,1, ...

By solving (14), we can get the value of y)(yn(jh)), from
which y(¢) is determined through (13). This procedure is
the SE-Sinc-Nystrom method proposed by Nurmuhammad
et al.

3.2. DE-Sinc-Nystrom Method

To accelerate the convergence rate, Nurmuhammad et
al. [1] considered the replacement of ¢y in the SE-Sinc-
Nystrom method by ¢y. Using this replacement in (13),
we derive

N
YO =r+ > {K@n(imy®@n(h)

j==M

+ gONGRDJE I G @R ). (15)

Herein, we suppose that they [1] set M and N according
to (10), and set h as h = log(ndn/u)/n. Setting sampling
points at t = ¢n(ih) i = —M,-M + 1,...,N), we obtain
1,5 -1,® {hll(—l)DEGﬁN)}[KS?N)])Y@N)
=R+1,®{hl " "D™G,  (16)

for which ¢y is used instead of . By solving (16), we
can get the value of y”(¢n(jh)), from which y(¢) is de-
termined through (15). This procedure is the DE-Sinc-
Nystrom method proposed by Nurmuhammad et al.

4. Improved Sinc-Nystrom Methods

4.1. SE-Sinc-Nystrom Method

We consider an approximation of (12) based on Theo-
rem 2. For this purpose, by replacing yn with ¢y in (13),
we derive

N
YO =r+ > {K@u()y® @n(in)

j==M

+ gWnGMWLGIGDWE ©). (A7)
Moreover, by replacing ¥n with ¢y in (14), we obtain
U, &L 1,8 {hI;—I)D?bH)}[Klf;(/m])ywm
=R+1,® (hI""DY)GY . (18)

By solving (18), we can get the value of y”(yy(jh)), from
which y®(¢) is determined through (17). This procedure is
the SE-Sinc-Nystrom method proposed by this study.

4.2. DE-Sinc-Nystrom Method

We consider an approximation of (12) based on Theo-
rem 3. For this purpose, by replacing ¢n with ¢y in (15),
we derive

N
YO =r+ > {K@u(imy®@u(in)
=M

+ g(@uCh) e GMIG D@y (). (19)
Moreover, by replacing ¢n with ¢y in (16), we obtain
(In ® I = Iy ® (I}~ DMKy
=R+ 1, ®(h "DG*.  (20)

By solving (20), we can get the value of y(¢y(jh)), from
which y(¢) is determined through (19). This procedure is
the DE-Sinc-Nystrom method proposed by this study.

5. Numerical Examples

In this section, we present numerical results for the fol-
lowing initial value problems (implemented in MATLAB
R2016a on Windows 8 with Intel Xeon 2.50 GHz, 128GB
memory).
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Example 1 Consider the following initial value problem:

[£)=(5 )t Co)=0)
z 0 -1/\z) \z0) \1)
whose solution is y(t) = te™, z(f) = e ™.

2

1.0e-002 SE-Sinc by‘Nurmul‘lammad‘et al, —e— |
DE-Sinc by Nurmuhammad et al. —e—
~ L ® SE-Sinc by this paper —=— |
. 1:0e-004 DE-Sinc by this paper —=—
£ 1.0e-006 [
|§3)
g 1.0e-008
g
= 1.0e-010
<
= 10e012 |
1.0e-014
1.0e-016

Figure 1: Errors of two SE-Sinc-Nystrom methods and two
DE-Sinc-Nystrom methods for the problem (21).

Example 2 Consider the following initial value problem:

[#)-(55 )6 Co)- ()

whose solution is y(t) = e *(cos t + sin?), z(¢t) = ¥ (1).

(22)

1.0e-002 F SESinc by‘Nurmul‘qammad‘ct al. —— |
DE-Sinc by Nurmuhammad et al. —e—
1.0e-004 SE-Sinc by this paper —=— |
;_ 0e-00 ) DE-Sinc by this paper —&—
£ 1.0e-006 |
0
g 1.0e-008
E
Z 1.0e-010
S
= 10012 |
1.0e-014 o g
1.0e-016 L L L . .
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1

Figure 2: Errors of two SE-Sinc-Nystrom methods and two
DE-Sinc-Nystrom methods for the problem (22).

For Example 1, we set (a,8,d) = (1,1,1.5) in the
method using ¥, (@,8,d) = (1,1,3) in the method us-
ing Yy, and (@,B,d) = (1,1, 1.5) in the method using ¢n
or ¢y. For Example 2, we set (o,8,d) = (1,2,1.5) in the
method using ¥, (@,8,d) = (1,2,3) in the method us-
ing Yy, and (a,B,d) = (1,2,1.5) in the method using ¢n
or ¢y. The results for these problems are shown in Fig-
ures 1 and 2. The errors were investigated on the 101 points
t =2 (i = =50, -49, ..., 49, 50), and the maximum error
among these points was plotted. From the graphs, we see
that the SE-Sinc-Nystrom method by this study can con-
verge faster than that by Nurmuhammad et al., and that

the DE-Sinc-Nystrom method by this study can achieve
a similar convergence rate to that by them. Note that the
method using ¢y is time-consuming because ¢I(11 cannot be
written with elementary functions. In fact, for both exam-
ples, the method using ¢y required about 1.1-1.2 times the
CPU computational time compared with that required by
the method using ¢y at [ ~ 100.

6. Conclusions

To solve initial value problems, Nurmuhammad et al. [1]
proposed the SE-Sinc-Nystrom method and the DE-Sinc-
Nystrom method. The SE transformation ¢ = ¥n(x) is used
in the former method and the DE transformation ¢ = ¢n(x)
is used in the latter one. This study improved these methods
by replacing ¥ with ¢y and ¢n with ¢y. With this replace-
ment, the SE-Sinc-Nystrom method can achieve a higher
convergence rate, and the DE-Sinc-Nystrom method be-
comes less time-consuming without compromising on the
performance, which are observed by numerical examples.

Designing a better variable transformation will be one
of our future pursuits. Another future pursuit would be to
provide error analysis for the presented methods.
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