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Abstract

Based on the Sinc approximation combined with the tanh transformation, Haber derived an approximation
formula for numerical indefinite integration over the finite interval (-1, 1). The formula uses a special
function for the basis functions. In contrast, Stenger derived another formula, which does not use
any special function but does include a double sum. Subsequently, Muhammad and Mori proposed a
formula, which replaces the tanh transformation with the double-exponential transformation in Haber’s
formula. Almost simultaneously, Tanaka et al. proposed another formula, which was based on the
same replacement in Stenger’s formula. As they reported, the replacement drastically improves the
convergence rate of Haber’s and Stenger’s formula. In addition to the formulas above, Stenger derived
yet another indefinite integration formula based on the Sinc approximation combined with the tanh
transformation, which has an elegant matrix-vector form. In this paper, we propose the replacement of
the tanh transformation with the double-exponential transformation in Stenger’s second formula. We
provide a theoretical analysis as well as a numerical comparison.

1 Introduction

Haber [2] derived a numerical indefinite integration formula of the form

X n
F)ds~ Y Flawi(x), xe(-1,1), €))
. =
where the weight function w; depends on x, but the sampling node x; does not. Furthermore, the formula can attain a root-

exponential convergence: O(exp(—c+/n)), even if the integrand f has an endpoint singularity such as f (s) = 1/¥/1 —s2. Owing
to these features, the formulas have been used in many applications, such as initial value problems [13], Volterra integral
equations [12], and Volterra integro-differential equations [17].

Haber’s formula is derived as follows. The Sinc approximation over the real axis is expressed as

u—jh

Fu)~ Zn: F(jh)sinc(

j=n

), u€eR,

where sinc(x) is the normalized sinc function, and h is the mesh size appropriately selected depending on n. By integrating both
sides of the Sinc approximation, we have

f Fu)dus ) FGJ(,h)(E), tER, @

o] j=—n

1600 = [ e a2 (DY),

where

Here, Si(x) is the sine integral defined by Si(x) = fox {(sint)/t}dt. The approximation (2) is called the Sinc indefinite integration.
In the case of the indefinite integral over the finite interval (—1, 1), Haber employed the tanh transformation

u
s=u)= tanh(i),
and applied (2) as

x Y1 (x) n
f f(s)ds= J Fp@’'(w)du ~ Z FOGIIY GRIG, (W (%)), x €(=1,1). 3)
-1

—00 j=—n
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In this paper, we refer to this approximation as formula (SE1).

Although the formula is simple and efficient as described above, it involves a drawback related to the basis function J(j, h),
which includes a special function Si(x). The routine of Si(x) is not always available, and has a higher computational cost than
that of elementary functions. In order to remedy this drawback, introducing an auxiliary function n(x) = (1 + x)/2, Stenger [13]
derived another formula

x n n -1 .
f F(5)ds % Tl ) 1=k Y {Z (rarim-31;) w'(jh)éij“} sinc (W} (), @
-1

i=—n \j=—n

where

k
1

O = f sinc(x)dx = — Si(wk),
0 T

I, =h > f @k (kh),

k=—n

and 65}71) =1/2+ o_j. We refer to the approximation (4) as formula (SE2). In view of (4), we need not compute any special
function (note that the value table of o} is available [13, Table 1.10.1]). In contrast, however, a double sum exists, which
increases the computational cost compared to single sum. Therefore, which formula performs better remains unclear. We note
that Haber [2] also derived a similar formula which uses only elementary functions for the basis functions, but includes a double
sum. Because those two formulas are essentially the same, we concentrate on the formula (SE2) in this work.

After a decade, as an improvement of (SE1), Muhammad and Mori [5] proposed the replacement of the tanh transformation
used in (3) with the double-exponential (DE) transformation

s=¢w)= tanh(% sinhu) R

and derived the following formula

f fs)ds~ Z (oGP’ G, k) (¢ (x)). %)
. j=n
We refer to the approximation (5) as formula (DE1). This replacement has been shown to improve the convergence rate from
O(exp(—c+/n)) to O(exp(—cn/logn)) in many fields [3, 4]. In fact, it was shown [11] that the formula (DE1) can attain a
convergence rate of O(exp(—cn/logn)). Such a rapid convergence motivated several authors to apply the formula to various
applications [6, 7, 9].

Almost simultaneously, as an improvement of (SE2), Tanaka et al. [16] proposed the following formula

x n n 1 s
f F(5)ds % Togo(f ) o= > { > (roum-31) ¢'(jh)6§,.”} sinc (W) e ®
-1 i=—n

j=—n
where .
i =h Y f($(kh)¢'(kh).
k=—n
We refer to the approximation (6) as formula (DE2). They also analyzed the convergence rate as O(exp(—cn/logn)), which is

the same as that of (DE1).
In addition to the formulas above, Stenger [13] derived yet another indefinite integration formula, expressed as

f f)ds~ Y, (h > 6§j“f(w(jh))w/(jh)) wf(x), )
-1 i=—M \ j=—M
where N
1 . -1 —kh
W%, = T {(1—n(x))—kzzw(l—n(w(kh)))smc(—"’ ) )}

Y~ (x)—ih

o (i=—M+1,...,N—1),

: S () —kh
N (NR) {n(X) - kZZM n(y(kh))sinc (T)} .

We refer to the approximation (7) as formula (SE3). This formula not only extends the sum from Z;:_n to Z?]:_M, but also has

SE — ol
wF(x) = smc(

Wi (x) =

an elegant matrix-vector form. Letm =M + N + 1, and let I r(n‘l) be a square matrix of order m having 618._1) as its (i, j)th element.
Moreover, let

D} = diag[4)'(=Mh), '(—(M — Dh), ..., ¥'((N — Dh), ¢'(Nh)],
f = @EMR), f (=M =DR)), ..., fRp((N = DR)), fFpINR)TT,

0¥ (x) =[w™ (x), @ (X)), ..., 0 (x), wy(x)],
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and let A" = hI"VDSE, Then, the approximation (7) can be written as
J f(s)ds ~ @ (x)ATE F5.
-1

Its convergence rate was analyzed as O(exp(—c+/n)), where n = max{M, N}. Of note, this notation may be used for an integral
of any order; for example,

f)~ @y ()f,

f(s)ds ~ S (x)AT £,
f U f(t)dt) ds ~ % (x) (A%)” £S5,
—-1\J-1

JAL (L yeoas) o) ecm ooty s
-1 \J-1\J

and so forth. As an application, this beautiful feature has been used to derive an approximation formula for indefinite convolu-
tion [14].

The main contribution of this paper is an improvement of the formula (SE3). Based on the same idea as (DE1) and (DE2),
we propose the replacement of the tanh transformation used in (SE3) with the DE transformation. Namely, using the notation

S v e ST an ine[ 20 —kh
) = T {(1 n(x) kgv;ﬂ(l n(qb(kh)))smc( A )}
w?%x):sinc(@) G=—-M+1,...,N—1),

)= — L= S - M)

R = - {n(X) kZ_an(kh))smc( - }

we propose the following formula:

f(s)ds ~ wP()APEFPF, ®)
-1

where

D" = diag[¢'(—Mh), ¢'(—(M —1)h), ..., ¢'((N —1)h), ¢'(Nh)],
fo =Uf(@(=Mn)), f(¢(=(M —Dh)), ..., F(¢((N —Dh)), f(¢(NI)T,

wpt(x) = [0, (x), @2 (), ..., Wt (x), wRf(x)],
and A”F = hI r(n‘l)DaE. We refer to the approximation (8) as formula (DE3). Furthermore, we show theoretically that the formula
(DE3) can attain the same convergence rate as that of (DE1) and (DE2), i.e., O(exp(—cn/logn)).

As a subsidiary contribution, we compared the six formulas (SE1), (SE2), (SE3), (DE1), (DE2) and (DE3). Akinola [1]
performed a numerical comparison between (SE1), (SE2)! and (DE2), and reported that the formula (SE1) exhibited the lowest
CPU time among those formulas. However, he compared CPU times with respect to n, which is not suitable for a comparison in
terms of efficiency. In this work, we compared CPU times with respect to accuracy.

The remainder of this paper is organized as follows. In Section 2, we present existing and new theoretical results. In Section 3,
we show numerical results. In Section 4, we provide the proof of a new theorem stated in Section 2. Section 5 concludes the
work. Appendix A gives a rigorous error bound used in Section 4.

2 Existing and new theorems

In this section, we present convergence theorems for the formulas (SE1), (SE2), (SE3), (DE1), (DE2), and (DE3). In those
theorems, the integrand translated by the tanh transformation or the DE transformation (f (¢(-)) or f(¢(-))) is assumed to be
analytic on a strip complex domain Z; = {{ € C : |Im{| < d} for a positive constant d. That is, f should be analytic on the

domain (%) = {z =4 ({): { € Z;} or on ¢(Zy) = {z = $({) : { € 7}

2.1 Convergence theorems for (SE1), (SE2), and (SE3)

A convergence theorem of the formula (SE1) was given as follows. In the theorem, the sum is extended to Z?IFM instead of
Z;}n in the original formula (3).

!n fact, he also considered Haber’s second formula, which gave results similar to those of the formula (SE2).
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Theorem 2.1 (Okayama et al. [11, Theorem 2.9]). Assume that f is analytic in 1p(Zy) for d with 0 < d < 7, and that there exist
positive constants K, a and f such that
If(2)] K|z +1|* Yz —1|P! ()

holds for all z € Y(Z;). Let u =min{a, B}, let n be a positive integer, and let h be selected by
h=\ — (10)
Furthermore, let M and N be positive integers defined by

M =n, Nz[%n-| (if u=a)

N=n mM=[E] Gu=p) an

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

< Cexp (—\/ ndun) .

sup
xe(—1,1)

x N
J f(s)ds— Z FOpGY' GG, R ()

=M

A convergence theorem of the formula (SE2) was given as follows.

Theorem 2.2 (Stenger [13, Corollary 4.5.3]). Assume that f is analytic in Y(%,) for d with 0 < d < 7, and that there exist
positive constants K and y with u < 1 such that

If @I <Klz+ 1"z =1 (12)

holds for all z € (D). Let n be a positive integer, and let h be selected by (10). Then, there exists a constant C independent of n
such that

< C+vnexp (—\/ ﬂ:dun).

A convergence theorem of the formula (SE3) was given as follows.

F(s)ds — Igpy(f, x)

-1

sup
xe(—1,1)

Theorem 2.3 (Stenger [14, Theorem 4.9]). Assume that f is analytic in Y (%) for d with 0 < d < m, and that there exist positive
constants K, a with a < 1 and B with B < 1 such that (9) holds for all z € Y(P;). Let u = min{a, B}, let n be a positive integer, and
let h be selected by (10). Furthermore, let M and N be positive integers defined by (11). Then, there exists a constant C independent
of n such that

< C+/nexp (—\/ rcd,un).

sup
xe(—1,1)

f £(5)ds — (AT 5

2.2 Convergence theorems for (DE1), (DE2), and (DE3)

A convergence theorem of the formula (DE1) was given as follows. In the theorem, the sum is extended to Z?]:_M instead of
Z;‘:_n in the original formula (5).
Theorem 2.4 (Okayama et al. [11, Theorem 2.16]). Assume that f is analytic in ¢ (D) for d with 0 < d < 1/2, and that there

exist positive constants K, a and f such that (9) holds for all z € ¢(Z;). Let u = min{a, B}, let n be a positive integer, and let h be
selected by

 _ log(2dn/p) s
n
Furthermore, let M and N be positive integers defined by
M=n, N zn—[%log(é)J (if u=a)
L e a4
N=n, M=n—[ﬁlog(ﬁ)J (i 1= p)

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

sup <C

xe(-1,1)

x N
f f(s)ds— Z F@GG GG, h)(e~ (1)
-1 j=—M

log(2dn/u) ndn
n x (_log(2d n/ M)) ’

For the formula (DE2), we can deduce the following convergence theorem based on the existing result [16, Theorem 3.1 with
B=m/2and C =1].
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Theorem 2.5. Assume that f is analytic in ¢(2;) for d with 0 < d < 1/2, and that there exist positive constants K and y with
w < 1 such that (12) holds for all z € ¢(Z;). Let n be a positive integer, and let h be selected by (13). Then, there exists a constant C

independent of n such that
< Cexp (—ﬁ) .

log(2dn/u)

This paper shows the following convergence theorem for the formula (DE3); we provide a proof in Section 4.

sup
x€(—1,1)

f F(8)ds — Iy (f, x)
-1

Theorem 2.6. Assume that f is analytic in ¢ () for d with 0 < d < 7/2, and that there exist positive constants K, a with a <1
and 3 with 8 < 1 such that (9) holds for all z € ¢p(Z;). Let u = min{a, B}, let n be a positive integer; and let h be selected by (13).
Furthermore, let M and N be positive integers defined by (14). Then, there exists a constant C independent of n such that

ﬁCexp( ﬂ)

i ~log(2dn/p)

xe(-1,1)

J £(5)ds — wPF(x)ARE 28
-1

2.3 Discussion on the convergence rate

Roughly speaking, the convergence rates of the formulas (DE1)—-(DE3) (described in Theorems 2.4-2.6) are much higher than
those of the formulas (SE1)-(SE3) (described in Theorems 2.1-2.3). The considerable difference originates from the variable
transformations employed; the tanh transformation is employed in the formulas (SE1)-(SE3), whereas the DE transformation is
employed in the formulas (DE1)-(DE3). In view of those theorems more precisely, the convergence rate of the formula (SE1) is
slightly better than that of the formulas (SE2) and (SE3), and the convergence rate of the formula (DE1) is slightly better than
that of the formulas (DE2) and (DE3). However, the difference is relatively slight, which may be observed from the results of the
numerical examples provided in the next section.

3 Numerical examples

In this section, we present a numerical comparison between the formulas (SE1), (SE2), (SE3), (DE1), (DE2), and (DE3). The
computation was performed on MacBook Pro with 2.4 GHz quad-core CPU (Intel Core i5) with 16GB memory, running Mac OS X
10.15.7. The computation programs were implemented in the C programming language with double-precision floating-point
arithmetic, and compiled with Apple Clang version 12.0.0 with the ‘~-02’ option. We used the GNU Scientific Library to compute
Si(x) for (SE1) and (DE1). We used CBLAS for matrix-vector multiplication for (SE2), (SE3), (DE2), and (DE3). Source code for
all programs is available at https://github.com/okayamat/sinc-indef.

We consider the following four examples:

JX ; ds = l (arcsinx —+ E) (15)
1 TV1—s2 i 2/
T (1+S)ds— L (1 +x)log(1+x)+(1—x)log(1—x)—2l0g2}, (16)
_, 4log2 15 " 4log2 & & g2t
) 1 2
— = ds==+= t R 17
f1 21 +52) s 2 narcanx a7

ds = (1—x2)\/cos(4artanhx) + cosh(7). (18)

JX —2[s{cos(4artanhs) + cosh(m)} + sin(4 artanhs)]
4 +/cos(4artanhs) + cosh(r)

The integrand in (15) satisfies the assumptions of Theorems 2.1, 2.2, and 2.3 with a = § = 1/2 and d = n_, where 7_
denotes a slightly smaller number than 7 (note that d < ). We chose _ = 3.14 in the actual computation. It also satisfies the
assumptions of Theorems 2.4, 2.5, and 2.6 with a = f =1/2 and d = ©_/2 (note that d < 7t/2). The integrand in (16) satisfies
the assumptions of Theorems 2.1, 2.2, and 2.3 with @ = 3 = 1_ and d = 7_, where 1_ denotes a slightly smaller number than 1.
We chose 1_ = 0.99 in actual computation. It also satisfies the assumptions of Theorems 2.4, 2.5, and 2.6 with a = = 1_ and
d = n_/2. The integrand in (17) satisfies the assumptions of Theorems 2.1, 2.2, and 2.3 with a = f# =1 and d = 7_/2. It also
satisfies the assumptions of Theorems 2.4, 2.5, and 2.6 witha = =1 and d = 7_/6.

In the case of (18), the situation is different from the examples above. The integrand in (18) satisfies the assumptions of
Theorems 2.1, 2.2, and 2.3 with a = 3 =1 and d = 7_/2, but it does not satisfy the assumptions of Theorems 2.4, 2.5, and 2.6.
According to Tanaka et al. [15], even in this case, the formulas with the DE transformation can attain the similar convergence
rate to the formulas with the tanh transformation, with the same a and 8 and d = t_/6. Therefore, we used these values in the
computations of the formulas (DE1), (DE2), and (DE3) in this case.

We investigated the maximum errors among 1000 equally-spaced points over the interval (—1,1). The results are shown
in Figures 1-8. From Figures 1, 3, 5, and 7, it may be observed that the formulas (SE1)-(SE3) exhibited almost the same
convergence profile with respect to n. The same holds true for the formulas (DE1)-(DE3), and they were more accurate than the
formulas (SE1)-(SE3). In Figure 7, the rate of the formulas (DE1)-(DE3) worsened. This occurred because the assumptions of
Theorems 2.4, 2.5, and 2.6 are not satisfied in the case of (18). However, they still exhibited similar convergence profiles to the
formulas (SE1)-(SE3) even in this case.

Figures 2, 4, 6, and 8 show the maximum errors with respect to the computation time. From Figures 2, 4, and 6, it may be
observed that the formula (DE2) was the most efficient, and the formula (DE3) was the second-most efficient. Although the same
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cannot be said for Figure 8, the two formulas still exhibited a similar convergence profile to the formulas (SE2) and (SE3). The
formulas (SE1) and (DE1) were not so efficient for all examples. This may be attributed to the special function Si(x) included in
the basis functions of the two formulas.

4 Proofs

In this section, we provide a proof of Theorem 2.6.

4.1 Sketch of the proof

First, we explain the organization of the proof. Let F(u) = f (¢ (u))¢’(u) and
X ¢71(x) $71(0)
gx)= J f(s)ds= f fleW)e’ (W) du= J F(u)du.
-1 —00 —00
The main strategy in the proof of Theorem 2.6 is to split the error into three terms as follows:

HOEDS (Z F(jh).](j,h)(ih)) @P(x)

U f(8)ds — e (OAY f
-1

i=—M \j=—M
N
SHOEDIFCIENIRE!
N ih S}
+12, U Fu)du— 37 F(jh)J(j,h)(ih)) wPF(x)
+> ( > FGJG, )R — F(jh)J(j,h)(ih)) WP (x)].
i=—M \j=—o00 j=—M
In Section 4.2, we bound the first term as
£()= D (NP ()| < Gexp(— i ). 19)

In Section 4.3, we bound the second term as

y " — log(2dn/u) ndn
i;; ( foo F(u)du —j;w F(jRJ(, h)(ih)) wPE(x)| < G, log(n + D= ex (—m) . (20)
In Section 4.4, we bound the third term as
N [e'e] N
> ( > FGRI G )R — D FGh)I( j,h)(ih)) wPE(x)| < C;log(n + 1) exp (—ndn). 1)
i=—M \j=—o0 j=—M

Here, C;, C,, and C; are constants, independent of n. This completes the proof of Theorem 2.6.

4.2 Bound of the first term

The following function space is crucial in the analysis.

Definition 4.1. Let 2 be a bounded and simply-connected domain (or Riemann surface) that contains the interval (a, b). Let
and 3 be positive constants with & < 1 and 8 < 1. Then, M, (%) denotes the family of all functions f that are analytic and
bounded on Z and satisfy the following inequalities with a constant C

If (2) = f(a)| < Clz —al%
If(B)—f(2) < Clb—z|’
forallz € 2.
Hereafter, we set (a, b) = (—1,1). The next error analysis was given for functions belonging to this function space.

Theorem 4.1 (Okayama [8, Theorem 7]). Assume that f € M, g(¢(Z,)) for d with 0 <d < 7/2. Let u=min{a, B}, let n be a
positive integer; and let h be selected by (13). Furthermore, let M and N be positive integers defined by (14). Then, there exists a
constant C independent of n such that
ndn
<Cexp|—7———— ).

sup |[f(x)— Z f(¢(ih))w]i)E(x) _log(2dn/pt)

xe(—1,1) i—M

From this theorem, we obtain (19) using the following lemma.
Lemma 4.2. Assume that f is analytic in ¢(2;) for d with 0 < d < 1/2, and that there exist positive constants K, a with a < 1
and 3 with 3 < 1 such that (9) holds for all z € $(P;). Then, setting g(x) = fjl f(s)ds, we have g € M, 5(p(Z,)).

We omit the proof of this lemma because it is a straightforward extension of an existing result [10, Lemma 5] (from
M, .(¢(Z;)) to M, (¢ (Z,))). This completes the proof of (19).
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Figure 1: Convergence with respect to n for (15).
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Figure 3: Convergence with respect to n for (16).
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Figure 5: Convergence with respect to n for (17).
100 T
(SE1) —>—
1t (SE2) ——
(SE3) —=—
0.01 &\ (DE1) —x— 1
5 (DE2) —o—
o 00001 | (DE3) —o— ]
= 1e-06 |
=]
£ 1e-08
& [
c le-10
le-12 - A
le-14 + E
1e_16 Il Il Il Il
0 20 40 60 80 100
n
Figure 7: Convergence with respect to n for (18).
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Figure 2: Convergence with respect to computation time for (15).
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Figure 4: Convergence with respect to computation time for (16).
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Figure 6: Convergence with respect to computation time for (17).
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Figure 8: Convergence with respect to computation time for (18).
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4.3 Bound of the second term
The following function space is crucial in the analysis.

Definition 4.2. Let d be a positive real number. Then, B(%;,) denotes the family of all functions f that are analytic on Z; and
satisfy

A(f,d) = liglof (If(x+ic)|+|f(x—ic)|)dx< oo (22)
and
d
XErinooJ If(x+iy)|dy =0. (23)
—d

The theorem below holds for functions belonging to this function space; a proof is provided in Section A.
Theorem 4.3. Assume that f € B(%;). Then, for any h > 0, we have

4hemd/n
< —’M"”’l)A(f’d)' 24

f F(©)de= D" fGRIG, ) T

j=—00

sup
XER

We see that F € B(%;) because the next lemma holds.

Lemma 4.4. Assume that f is analytic in ¢(9;,) for d with 0 < d < 7/2, and that there exist positive constants K, a and f8 such
that (9) holds for all z € $(Z,). Then, putting F(u) = f (¢ (u))¢’(u), we have F € B(Z,) and

2a+[3+1K

A(F,d) <
(Fd) < wcos*tB((r/2)sind)cosd’

where y = min{a, B}.

We omit the proof of this lemma as being identical with an existing result [11, Lemma 4.6]. Using this lemma and Theorem 4.3,

we have N
N i oo N —nd/h
> U Fwdu— Y. F(jh)J(j,h)(ih)) wP(x)| < (Z |w?E(x)|) e (25)
i=——M \J—oc0 j=—o0 i=—M

" d(1—e2md/h)
Furthermore, the next lemma holds.

Lemma 4.5. Let h > 0, and let n = max{M,N}. Then, there exists a constant C independent of n such that
N
sup Z lwP(x)| < Clog(n+1).
xe(—1,1) i=—M

This lemma is shown by using the next result.
Lemma 4.6 (Stenger [13, p. 142]). Let h > 0. Then, it holds that

sup Zn:

sinc ( £ ih)
teR [T h

Therefore, the right-hand side of (25) is further bounded as

2
< —(3+logn).
T

N
4h e~ md/h 4hemd/h
DE - — * ———————————
(;:Wmi (x)|) ﬂd(l_e_an/h)A(F,d)sClog(n+1) nd(l_e_m/h)A(F,d).

Substituting (13) to h, we obtain (20).

4.4 Bound of the third term
Note that the left-hand side of (21) is rewritten as

2 (‘Z FGRIGL )R = 3 F(jh)J(j,h)(ih)) P (x)

The next lemma is crucial in the analysis.

Lemma 4.7 (Okayama et al. [11, Lemma 4.20]). Assume that f is analytic in ¢ () for d with 0 < d < 1/2, and that there exist
positive constants K, a and f3 such that (9) holds for all z € $(Z;). Let u =min{a, B}, let n be a positive integer; let M and N be
positive integers defined by (14) Then, putting F(u) = f (¢ (u))¢’(u), we have

2 (‘Z FGRJIG, R+ 3 F(jh)J(j,h)(ih)) wPP(x)|.

—M-1 o]
sup| > FGRN(GL )+ D F(RMG, )| < Cexp(— pexp(nh)),
YER =00 j=N+1

where C is a positive constant independent of n.
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Using this lemma, we obtain

N —M-1 [es)
>, ( > FGRIG,h) R+ F(jh)J(j,h)(ih)) wPE(x)

i=—M \j=—oc0 j=N+1

N
< ( Z |cu'i3E(x)|) -Cexp (—gu exp(nh)).

i=—M

Furthermore, using Lemma 4.5 and substituting (13) to h, we obtain (21).

5 Concluding remarks

Based on the Sinc indefinite integration, several numerical approximation formulas of the form (1) have been presented in the
literature. The formula (SE1) was derived by combining the Sinc indefinite integration with the tanh transformation. To remove
a special function Si(x) from the basis functions, another formula (SE2) was derived. In addition, yet another formula (SE3)
was derived, which has an elegant matrix-vector form. These formulas can attain root-exponential convergence O(exp(—c+/n)).
After a decade, the formulas (SE1) and (SE2) were improved as the formulas (DE1) and (DE2). In these two formulas, the tanh
transformation is replaced with the DE transformation, and the convergence rate is drastically improved to O(exp(—cn/logn)).
Motivated by this result, we improved the formula (SE3) as formula (DE3) in the present work by the same replacement of the
variable transformation. By theoretical analysis, we have shown that the proposed formula (DE3) exhibits the same convergence
property as the formulas (DE1) and (DE2). According to the numerical results, the formula (DE2) seems the most efficient,
followed by the proposed formula (DE3), in all examples which satisfy the assumptions of Theorems 2.4-2.6. We note that the
formula (DE3) exhibited the second-best performance, and it inherits the beautiful feature of the formula (SE3). Furthermore,
as pointed out by Stenger [13, Eq. (4.6.10)], the basis function cuf]i/[(x) can be replaced with sinc((1p~'(x) + Mh)/h) in the
case of indefinite integration (because indefinite integration approaches 0 as x — —1). The same applies to the formula (DE3);
wE?w (x) can be replaced with sinc((¢!(x) + Mh)/h). If the replacement were performed in the numerical implementation, the
performance gap between the formulas (DE2) and (DE3) may be expected to narrow.

We consider the following as a future work. As described in Section 1, the formula (SE3) has already been applied to
indefinite convolution [14] and in further application (see references in [14]). We are working to apply the formula (DE3) to
those applications, and expect to report the results soon.
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A Rigorous bound of the discretization error of the Sinc indefinite integration

In this section, we consider the discretization error of the Sinc indefinite integration, namely,

>

J F(©)de— D" F(kh)J (k, h)(x)
—00 k=

and its bound. In fact, there exists a result for the bound [13, Lemma 3.6.4] and it has been used as a standard bound of the
error, but we believe that this has not been rigorously proven. This is because the change of the order of sum and integration was
used in the proof, but this is difficult to justify under the given assumptions. Therefore, we present Theorem 4.3 instead, and
provide a proof here.

First, we can derive the simple fact that functions in B(%;) are integrable on the real line in the sense of the Riemann integral.

Proposition A.1. If f € B(%,), then
‘f f(x)dx

Proof. Let a be a positive real number, let € be a real number with 0 < ¢ < d, and let d, = d —¢. Furthermore, we define a
contour C,, in 9, by the rectangle

1
< EA(f,d).

{z=%a+iy|0<y<d,} U {z=x|—a<x<a} U {zg=x+id, | —a<x <a}

with counterclockwise direction (see Figure 9). Because f is analytic in %, it follows from Cauchy’s integral theorem that

jg f(z)dz=0.
Ca,s

As a — 09, the integrals of f on the vertical parts of C, . converge to 0 owing to condition (23). Therefore we have

J F(x)dx =f fx+id,)dx.

Similarly, we can derive a variant of this relation in which the sign of d, is opposite. Therefore, we have

f_mf(x)dx _ %Lo (Fe+id)+f(x—id))dx,

Taking the absolute values of both sides, we obtain the conclusion. O
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Y

—a 0 a

Figure 9: Contour Cg ,

Next, we present a well-known expression of the error of the Sinc approximation by a contour integral.
Proposition A.2 (Stenger [13, Eq. (3.1.6)]). Let n be a positive integer, let € be a real number with 0 < ¢ < d, and let I, , be the
contour given by
{z=%(n+1/2)h+iy|—d, <y <d,} U {z=x=xid,|—(n+1/2)h <x <(n+1/2)h}
with counterclockwise direction (see Figure 10), where d, = d —&. When x is contained in the region surrounded by I, (i.e., nis
sufficiently large),

. . x —kh sin(7tx /h) f()
(x)— (kh)sinc ( ) = - - (26)
f ;;nf h 2mi e (z —x)sin(mz/h)
holds.
iR
id,
—(n+1/2)h ) Jid (n+1/2)h
\
—nh —2h —h h 2h nh R
T T T O T T T
v
1 -ia
—id, Tpe

Figure 10: Contour I}, ,

To bound the discretization error of the Sinc indefinite integration, we integrate the right-hand side of equality (26) and
bound it as shown in the proof of Theorem 4.3 below. In this bounding, the following lemma is key.

Lemma A.3. Let x, y, s, and h be real numbers and assume that h > 0. Then, we have

1 ¥ sin(wt/h)
—_— dt| < h 0), 27
Znif_oo (s+iy)—t ' 4m|y| (& #0) 27
—(n+1h .
L sin(nt /h) de| < l(2+iy|). (28)
2mi ) (£(n+1/2)h+iy)—t T h
Furthermore, when —nh < x < nh, we have
1 (" sin(wt/h) 3
— dt| < h 0), 29
Znijnh (s+iy)—t ' 47|y| & #0) (29)
1 (" sin(rt/h) 1( 5|y|)
—_— t|<—(2+—. 30
Zrtij_nh (£(n+1/2)h+iy)—t T h (30)
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Because this lemma can be proven similarly to existing results, we omit its proof. In fact, to obtain inequality (27), we need
only to tighten inequality (3.6.24) of [13, Lemma 3.6.3] slightly. In addition, inequalities (28)-(30) are owing to Lemmas 4.11
and 4.12 of [15].

Based on the preparations above, we can show Theorem 4.3 as follows.

Proof of Theorem 4.3. First, we consider the truncated sum with —n < k < n in the left-hand side of inequality (24). Then, by
letting n — o0, we obtain the bound. To this end, we partition the integral with the truncated sum as

fx {f(f)— if(kh)sinc(t‘hkh)} dt:fx {f(t)— zn:f(kh)sinc(t_hkh)} de
= —nh

k=—n k=—n
- - t —kh }
- kh)ssi d
+J(n+l)h{f(t) k;nf( )smc( - ) t
—(n+1)h n t—kh }
- kh)si dt,
+Lo {f(t) k;f( )smc( - ) ‘

and estimate each term. It suffices to consider the case in which n is sufficiently large that —nh < x < nh holds.
We begin with the first term. By integration of equality (26), the first term is rewritten as

x n * it —kh 3 * sin(rt/h) f(=)
fnhf(t)dt B Z f(kh) Jnh Slnc( h ) = é‘lﬂn,e {Jnh 27'[1(2_ t) dt} Sil‘l(ﬂ'Z/h) o

k=—n

Based on the conditions (22) and (23) defining B(%,), we can bound the integrals on the horizontal and vertical paths of T, ,
when n — o0 and € — +0. For the integral on the horizontal paths, we use inequality (29). In addition, for the integral on the
vertical paths, we use inequalities (30) and (29) for the cases |y| < h and |y| > h, respectively. As a result, we have

* sin(rt/h) F2) 3h e . .
3§ Uh s/} dt} O dz‘ < ggf (UFCe+id) +IF(e—id)D de

—(n+1/2)h

lim
n— 00
£—+0

+l 2+% lim (If(n+1/2)h+iy)|+|f(—(n+1/2)h+iy))dy
(
i h )n—oo lyl<h

+ 3 lim f (If((n+1/2)h+iy)|+If (=(n+1/2)h+iy)])dy
4mhn=eo | g

(n+1/2)h
3 J (F (e +id)] +[F (e —id)]) de

<— 1
" 4nd sinh(7ntd /h) nsoh a1/

d
.7 . .
+ lim — f (If((n+1/2h+iy)| +|f (=(n+1/2)h+iy)])dy
—d
3he md/h
"~ 27d(1 —e2rd/h)
Next, we bound the third term. By complex contour integral, we have

—(n+Dh n —(n+h —(+Dh
f F(©)de= " FkR)I(khY(~(n+ D) = f f(©)de —§ U sinlt/b) dt} f(&)

oo = oo o 2mi(z —t) sin(nz/h) =

A(f,d) +0.

Here, note that t is not contained in the region surrounded by I, .. Because it follows from Proposition A.1 that

—(n+1)h
lim J f(t)dt =0,

n—oo
—00

we need only to bound the part of the contour integral similarly to the first term. For the integral on the horizontal paths, we use
the inequality (27). In addition, for the integral on the vertical paths, we use inequalities (28) and (27) for the cases |y| < h and
|y| > h, respectively. As a result, we have

b sin(mt/h) f(2) 3he md/h
ﬁﬂu {f_w 2mi(z —t) dt} sin(7tz/h) dz| < 2md(1— e—2”d/h)A(f’ d)+0.

Finally, we bound the second term. We replace the contour I, with I',_, .. Noting that —(n + 1)h < t < —nh, we have

J::)h {f(t) - Zn: f(kh) sinc( L _hkh)} dt = J::)h {f(t) — f(—nh) sinc( : -i;lnh) — f(nh)sinc ( t —hnh )} dt

— k=—n
- sin(rt/h) f(2)
_J_ { o Gz—0)sin(rz/h) dz} d.

(n+1)h 16

lim
n—00
£—+0

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘A\,\ Okayama - Tanaka 116

Then, by using | sinc((t — kh)/h))| < 1, we have

—nh n
f {f(t)—Zf(kh)siHC(t_hkh)}dtSh{ max_ O]+ (-nb)| + 1 ()]}

—(n+1h —(n+1)h<t<—nh

|sin(rct/h)| f(z)
+ h—(n+g}é}t(s—nh{ |27i| jgrnl _ (z—1t)sin(nz/h) dz } '

As n — oo and € — 0, the last term of the right-hand side is bounded as

k=—n

. |sin(nt/h)| f(z) he ™/
hl dz| < A(f,d).
gg% |27i] r._,. (z—t)sin(rz/h) 5= nd(1 — e—2rd/h) . d)

The other terms tend to 0 as n — oo because lim,_,, o, |f (t)| = 0, which follows from Proposition A.1.
Combining all the bounds, we obtain inequality (24). O
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