MOBIUS-TRANSFORMED TRAPEZOIDAL RULE

YUYA SUZUKI, NUUTTI HYVONEN, AND TONI KARVONEN

ABSTRACT. We study numerical integration by combining the trapezoidal rule
with a M6bius transformation that maps the unit circle onto the real line. We
prove that the resulting transformed trapezoidal rule attains the optimal rate
of convergence if the integrand function lives in a weighted Sobolev space with a
weight that is only assumed to be a positive Schwartz function decaying mono-
tonically to zero close to infinity. Our algorithm only requires the ability to
evaluate the weight at the selected nodes, and it does not require sampling from
a probability measure defined by the weight nor information on its derivatives.
In particular, we show that the M&bius transformation, as a change of vari-
ables between the real line and the unit circle, sends a function in the weighted
Sobolev space to a periodic Sobolev space with the same smoothness. Since
there are various results available for integrating and approximating periodic
functions, we also describe several extensions of the M&bius-transformed trape-
zoidal rule, including function approximation via trigonometric interpolation,
integration with randomized algorithms, and multivariate integration.

1. INTRODUCTION

This paper considers numerical integration for weighted Sobolev spaces on the
real line. The aim is to attain the optimal rate of convergence in terms of the
smoothness of the integrand function for a wide class of weights, namely for the pos-
itive Schwartz functions that decay monotonically to zero close to infinity, dubbed
simply as monotonic Schwartz weights in what follows. Here the “optimality” of
an algorithm is to be understood in the sense of the worst-case asymptotic error
amongst all linear quadratures. We propose a simple algorithm that matches this
optimality criterion by combining a Mdobius transformation that maps the unit circle
onto the real line with the trapezoidal rule for periodic functions. The introduced
Mobius-transformed trapezoidal rule can also be straightforwardly generalized into
a randomized integration method and combined with trigonometric interpolation
to introduce an algorithm for function approximation in weighted Sobolev spaces.
These extensions also exhibit optimal convergence rates in terms of the smooth-
ness of the target function. For completeness, it should be mentioned that building
quadrature rules via a variable change and a subsequent application of the trape-
zoidal rule is definitely not a new idea [32] 35 [39] 43], but it seems that there are
no previous works proving optimal convergence of such an approach for integration
in weighted Sobolev spaces on the real line.
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Weighted Sobolev spaces have attracted a significant amount of attention within
the numerical analysis community in the recent years. In particular, weighted
integration of finitely smooth functions over unbounded domains is widely studied
in the area of uncertainty quantification to tackle partial differential equations with
random coefficients; see, e.g, [I7, 28] B4]. Although such problems often require
algorithms for high-dimensional integration, the present paper mainly focuses on
one-dimensional numerical integration over the real line, which has the potential
to lay foundations for high-dimensional counterparts, such as sparse grids [4] and
quasi-Monte Carlo methods [§].

Let us briefly review recent literature on numerical integration and function
approximation for finitely smooth functions over unbounded domains. When the
weight is a Gaussian probability density, the corresponding weighted Sobolev spaces
have been considered by numerous authors; see, e.g., [7, 20, 6, [12] 3] and the
references therein. Freud weights, one possible generalization of Gaussian weights,
have also been studied in our general context [10, [9], as have unweighted Sobolev
spaces with a certain decay condition [3I]. All aforementioned articles use the same
weight for defining the Sobolev space for the target function and measuring the error
in the considered approximation, which is an assumption that can be dropped: [29]
employs unweighted Sobolev spaces for the target function but presents weighted
L? and L* error estimates, [27] studies the relation between the two weights in a
general framework, and univariate optimal algorithms and their convergence rates
are considered in [24] 21]. Table[l]summarizes the settings of those aforementioned
papers whose foci are close to ours.

Concerning results in related settings, there have been studies on periodization
strategies which transform a non-periodic target function defined on a finite closed
interval into a periodic one. Combined with a subsequent use of the trapezoidal
rule, one can attain a faster convergence rate. We refer to [36] Section 1] for an
overview. However, we emphasize that for such studies on finitely smooth functions,
the smoothness of the target function is often required as an input for the algorithm
to attain the desired rate of convergence, whereas our method does not require this
information and still achieves the optimal rate of convergence automatically. The
multivariate counterpart of periodization strategy has been studied in the context
of quasi-Monte Carlo methods, more precisely, lattice rules (see, e.g., [36, 26]).
For instance, [I6] shows that tent-transformed lattice rules can achieve second-
order convergence in an appropriate function space setting, without any dimension
dependence.

In addition to the optimal convergence rates (without any extra logarithmic fac-
tors) for integration and function approximation, the Mobius-transformed trape-
zoidal rule also exhibits other desirable characteristics. First of all, its implementa-
tion does not require information on the smoothness of the target integrand function
or the ability to sample from the probability distribution defined by the employed
weight. Moreover, its capability to handle monotonic Schwartz weights, i.e., weights
whose all derivatives converge to zero at infinity (only) faster than the reciprocal
of any polynomial, allows to consider weights that converge to zero slower than a
Gaussian density, say, only at the rate e~1*l or even slower. In particular, the choice
of the monotonic Schwartz weight does not affect the rate of convergence for any
of the introduced algorithms. It is also worth noting that the M&bius-transformed
trapezoidal rule enables nested implementations, where function evaluations are
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TABLE 1. Summary of the settings in some papers mentioned in
the literature review of Section[I] For conciseness, we omit settings
where the focus is different from ours; e.g., [I2, [10] also contain
results for infinitely smooth functions. Refer to Section for the
used notation. The subscript "mix” here means Sobolev spaces of
the dominating-mixed smoothness type; see the precise definition
in each reference.

’ ‘ App or Int ‘ Source space ‘ Target error Note
p: Gaussian
[ Integration nglix(Rd) p-weighted integral
[20] Integration W2 (R) p-weighted integral
[6] Both Wit (R | p-weighted int., LD I1<p<g<o
and p=gq=2
12 Both wy é (R%) p-weighted int., L2 | Infinite dimension
[13] Integration W;“Q(IR) p-weighted integral | Randomized setting
p: Freud weight
[10] Both W2 (R) p-weighted int., L2
[0 | Approximation ng;ﬁix(Rd) Ly 1<p<g<o
and more
Other settings
[31] Integration W2(RY) | Unweighted integral
[29] | Approximation W{;;(Rd) L2 and L%
21 Integration W¢’®(Rd) p-weighted integral v #p
Ours Both Werd(R) p-weighted int., LD 1<p<qg< o

reused when the number of quadrature points is increased, and combining it with
trigonometric interpolation in function approximation allows the use of Fast Fourier
Transform (FFT) to ease the computational burden.

The rest of this paper is organized as follows. In Section [2 we introduce and
prove necessary concepts and useful lemmas related to monotonic Schwartz weights,
Mobius transformations, and Sobolev spaces. Section [3| presents our main result for
numerical integration, i.e., that the Mobius-transformed trapezoidal rule achieves
the optimal rate of convergence. Section [4] extends this result to a randomized
setting. In Section [p| we consider a problem of function approximation and prove
the optimality of an algorithm that is based on combining the Md&bius-transformed
trapezoidal rule with trigonometric interpolation. Section [6] briefly considers a mul-
tidimensional extension of our method. Finally, Section [7] presents the concluding
remarks. Induction proofs for a few technical results that are utilized in our analysis
are collected in Appendix [A]

2. PRELIMINARIES

2.1. Monotonic Schwartz weights. Although the main motivation for our con-
siderations are integrals weighted by the standard Gaussian measure, our arguments
work without major modifications for a wider class of rapidly decreasing weights.
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To introduce our setting, consider the one-dimensional Schwartz space
S={we C®R) | ||w|la,s < oo for all o, B € Ny},

where
|wlas = sup [°w ) (z)],
z€R

and w'® denotes the (weak) derivative of order 8. If ||w]|4 0 is finite for all a € Ny,
we say that w is rapidly decreasing.
Consider the set of positive Schwartz weights on R,

Si={weS|w:R—=R, w(x)>0forallz € R},
and, in particular, its subset
St ={w e 84 | 3K € Ry such that zw'(z) <0 for all z € R\ [-K, K]}

consisting of functions that are monotonic on (—oo, —K) and (K, oc0) for some
K > 0. The following lemma and corollary form the basis for our treatment of
these monotonic Schwartz weights.

Lemma 2.1. Let w € ST and o, 3 € Ng. For anyr > 1,

lw® |
|| <.
w «,0

@)
e., % is rapidly decreasing.
Proof. Let w € SP°" be arbitrary and K such that w is monotonic on (—oo, —K)
and (K, 00). Due to symmetry as well as the smoothness and positivity of w, it is
sufficient to prove that

for any r > 1 and «, 8 € Ng.
As the case § = 0 is trivial, assume that 5 € N. Consider a forward finite
difference formula of an arbitrary order m € N,

B+m—1
1 . m m
21)  |wP(x) - 7B > aipmw(@+ih)| < Comh™|wllogrm = Ch b
Jj=0
with € (K,00) and h > 0. The existence of such apgm;---,88+m-1,8m € R

follows, e.g., by applying the construction in [5, p. 161-162] to an equidistant grid
and just a term of order 8 in the approximated differential expression, which yields
the sought-for scaling by h=? in the difference scheme. By the monotonicity of w
and the inverse triangle inequality, the estimate leads to

wlx
(2.2) w®(z)| < cgym% + Chop ™ =t 1(h),

where Cy = Z?ié”_l lajgml|- As (2.2) holds for any h > 0 and r(h) tends to
infinity when h — 0" or h — oo, the optimal version of (2.2) is obtained at the

unique zero of the derivative of r, i.e., at

1/(m+B)
Cr//
- (5 ,mw(x)> |

!
m
Bym,w
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This finally gives
(2.3) W (2)] < CFl o (@)™ "),

where the constant C’, , > 0 is independent of = € (I, c0).

Fix N> m > 8/(r — 1), which guarantees that
mr

> 1.

m+ 3

Thus, by virtue of (2.3)) and because w € S,

@)
w(x)

< (Cmmw)T.%‘aw(.%‘)mT/(m+ﬂ)_l —0
as x — oo for any a € Ny. ]

Corollary 2.2. If w € ST'°", then also w® € ST for any s > 0.

Proof. Since the function x — x® maps the open positive real axis R, smoothly onto
itself for any s > 0, the power w® belongs to C*°(R) for any w € ST°". Moreover, the
monotonicity of the sth power guarantees that w® is decreasing/increasing precisely
when w is. Hence, the assertion follows if we show that

(2.4) [ la,p < o0

for any «, 8 € Ny.

As immediately follows from the definition of S for 3 = 0, we may assume
that # € N. A straightforward induction argument, presented in Appendix [A]
shows that for any s > 0, the derivative (w®)(®) is a finite linear combination of
terms of the form

T o)

s il w(Tj)
(25) “ H w Al g
j=1 J

)

where the positive integers v and 7; satisfy

,
y<B and Y =5

j=1
By Lemma [2.1]
w(™)
is rapidly decreasing, which means that the same also applies to any term of the

product form (2.5). By the triangle inequality, (w*)®® is thus rapidly decreasing,
which completes the proof. O

2.2. Mébius transformations. Our main tool for reducing integrals over R into
periodic ones over T = T! are Mobius transformations that map the unit circle
onto the real axis of the complex plane. Here and in what follows, T¢ denotes
the d-dimensional torus, that is, [0, 27]¢ with opposite faces identified. All Mobius
transformations (see, e.g., [18]) with the aforementioned property can be given in
the form
z — el
e g(z) = % zeC.
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Here, ¥ € R corresponds to a rotation prior to mapping the unit circle onto the
real axis and its interior and exterior, respectively, onto the upper and lower halves
of the complex plane (or vice versa). As selecting 1 essentially only corresponds
to choosing the preimage of infinity on the unit circle, it plays no essential role in
our analysis and can be set to ¥ = 0, meaning that ®(1) = oo. The other free
parameter ( € C, with a nonvanishing imaginary part, determines the image of
the origin under ®. Without loss of generality, we may assume that Re(¢) = 0
since a nonzero real part of ¢ only corresponds to a horizontal translation on the
image side. Hence, we set ( = ic and note that the sign of 0 # ¢ € R defines the
half of the complex plane to which ® maps the unit disk; from the standpoint of
the restriction of ® onto the unit circle, the choice between +c¢ corresponds to the
orientation of the parametrization, that is, choosing whether increase in the polar
angle on the unit circle leads to movement to right or left on the real axis.

With these choices, our transformation of the unit circle onto the real line as a
function of the polar angle 6 € (0, 27) reads

i0 10.0/2 | o—i6)2
Y i0__-e+1__ 2(6 +e )__ v
Pc(0) = Pic,o(e”) = —ic oy ¢ L@ — o2y ccot(2).
Furthermore,
= O gty = zmmceot(=T) . (oY) = 220
(2:0)  60l0) = g oz o0t ) = 2arceot(=0) s (@) @) = 5

For simplicity and without severe loss of generality, we assume that ¢ > 0 so that
the derivatives in (2.6)) are positive everywhere. Unless the scaling by ¢ plays an
essential role, we write ¢(0) instead of ¢.(6).

2.3. Sobolev spaces. This section provides a brief overview of the Sobolev spaces
used in this paper. We denote by L (R) the space of Lebesgue measurable functions
f R — C with the norm

1/q
s = ( / |f<x>|qp<z>dx> <o, 1<q<oo

When we do not include the subscript p, i.e., write LI(R), we mean the unweighted
space with p = 1. Our target functions live in the weighted Sobolev space

W) = {1 € 4R | 1lwpoce = (Z [ 15t dx)l/q <o)

for some 1 < ¢ < oo and o € N, with f(7) denoting the 7th weak derivative of
f. The fact that W9(R) is a Banach space (or a Hilbert space for ¢ = 2) for
p € SP°" is a consequence of [23, Theorem 1.1 & Remark 4.10]. In what follows,
we always consider the continuous representative of any given f € W;)Lq(R), which
is possible for @ € N due to the Sobolev embedding theorem and the inclusion
Wri(R) C WU9(R). In Section [3| we specifically consider the case ¢ = 2 for
numerical integration, even though the results also hold for any ¢ € (1, 00).

When suitably composed with the Mobius transformation introduced in Sec-

tion 2:2] our target functions are transformed into the periodic Sobolev space

@0 werrm)y = {1 € ) | 1fyr) = 3 [ an < o
=0
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for 1 < ¢ < o0 and a € N. In our analysis, it is useful to employ an equivalent
definition for W*4(T) as a subspace of the standard Sobolev space W*9(0, 27) on
(0,27) with compatibility conditions between the values of weak derivatives at 0
and 27

&4 27
Wit 0.20) = {1 € 290.20) [ 171y =3 [ 17O @100 < x,
7=0
(2.8) f0) = fD2r) forr=0,...,a - 1}.

The point evaluations at 0 and 27 in are well-defined due to the trace theorem
[T, Theorem 7.53] or the continuous embedding W:4(0, 27r) < C*~1*([0, 27]) for
Hélder indices 0 < A < 1—1/q [1], Part IT in Theorem 5.4], demonstrating also that
Wl (0,2m) is a Banach space (or a Hilbert space for a ¢ = 2) as a closed subspace

of W*4(0,2m). The closure of the smooth compactly supported test functions
C2°(0,2n) in the topology of W4(0, 2) is denoted by W*4(0,2r) C Weel (0, 2m).
Note that in the weak derivative f(7) is defined via partial integration of
periodic functions on T (see, e.g., [33, Section 5.2]), whereas in , ) denotes
the standard weak derivative on (0,27) C R, with C$°(0,27) serving as the space
of test functions.

The following proposition shows that W4(T) and Wg;?(0,27) are, indeed, es-
sentially the same space.
Proposition 2.3. For1l < q¢ < oo and a € N, the spaces W*1(T) and W:4(0, 27)

per

can be identified via a bijective linear isometry T : W 9(T) — W%L(0, 27).

per

Proof. Let ¢ : R 3 6 +— (cos6,sinf) be the standard 27-periodic parametrization
with respect to a polar angle 6 for the embedding of T into R%. As || = 1, it is
straightforward to conclude that the linear mapping T" : g — goy defines a bijective
isometry from W*(T) to

Wt (0,2m) = { £ € L90,27) | | fllga.a(oom) < -

where the algebraic definition of the norm is the same as that of

Hf”Wa,q(o,Qﬂ)
| fllwe.a(0,2x), but the involved weak derivatives are required to satisfy the more
restrictive condition

(2.9) ” F0)p(0)do = (—1)7 " f@O O @O)do,  T=1,...,0,
0 0

for all 27-periodic ¢ € C*(R) (cf. B3, (5.5), (5.13) & Exercise 5.3.2]). Hence, the

assertion follows if we prove that W:2(0,27) = W2(0,27). This boils down to

er er
showing that the weak derivatives of IJ)” € Weai(0, 27r§ satisfy and that those of
fe Wéﬁ (0,27) are compatible with the conditions on point evaluations at 0 and
21 in .
Any f € W*4(0,27) satisfies

T

T O0) 6048 = 3S(-1F (T 2m) - £ )60 0)
0 k=1
2m

(2.10) +(-1)" f@O@B)ds,  T=1,...,0,
0
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for all 27-periodic ¥ € C*°(R), which could be proved by, e.g., approximating f with
smooth functions, integrating by parts and employing the continuous embedding
W4(0,27) — C*~1A(]0,27]) for 0 < A < 1 —1/q (cf. [T, Theorem 3.18 & Part 11
of Theorem 5.4]). The claim now follows by choosing in turns f € W:2(0, 27) and

per

fe Wg;g(o 2m) in (2.10)) and comparing with (2.8]) and (2.9)). O

In Section [0} we consider a multivariate extension of our results via a componen-
twise Mobius transformation. For this setting, we assume that the target function
lives in a tensor product of one-dimensional weighted Sobolev spaces

(2.11) Wed(RY) : ®Wa 4

After the componentwise Mobius transformation, the target function is shown to
be in a tensor product of periodic Sobolev spaces

Wa,q Td ® Wa,q

This space is known to be norm-equivalent to the Sobolev space of dominating
mized smoothness (see, e.g., [38])

it = {1 € 20 Wi = (3 [ 1776 ) <o),

[7]oo

where 7 = (11,...,74) € N is a multi-index and |T|eo = max;—=1,__ 47;.

3. MOBIUS-TRANSFORMED TRAPEZOIDAL RULE

For p € 81", denote a weighted integral of a continuous function f : R — C
over the real line as

27
/ f@p@)de= [ f(68)p(6(8))6(8) Ao

0

and consider the approximation

2T
(3.1) Qpn(f) == D F(@05))0(6(0))) (05) = I,(f),
j=1
where 6; = 2nj/n for j =1,...,n. We interpret I, and @, ., as linear functionals

on the p-weighted L2-based Sobolev space W?(R).
Our main theorem is as follows:

Theorem 3.1 (Upper bound on integration error). Let a € N, p € ST and
f e We2(R). Then it holds that

|Ip(f) - Qp,n(f)| < Cp,an7a||f||wgv2(]g)v
where Cy o > 0 is independent of f and n € N.
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The proof relies on showing that g = ((fp) o ¢)¢’ belongs to the 2m-periodic
L?-based Sobolev space W2(0,2m) = W*2(T) if f € W**(R) for o € N. Indeed,
after proving this, a classical result for the trapezoidal rule on periodic Sobolev
spaces guarantees the convergence rate of order n~%; see, e.g., [2] Proposition 7.5.6]

and [47, Theorem 2.4.1].
Lemma 3.2. Let « € N, f € W;"Q(R), p €SP and g = ((fp) o $)¢'. For

7=0,...,q,

(32) Hg(T) HL2(0,271') S CP17'Hf||W§’2(R)’

where the constant C, + > 0 is independent of f. Moreover, for T =0,...,a —1,
3.3 lim ¢ (0) = lim ¢ (9) =o0.

(3.3) Jm g (0) = lim_g7(6)

In consequence, g € W2(0, 27).

per

Proof. Let us start with two auxiliary results that are proved by straightforward
induction arguments in Appendix First, the weak derivative (), 7 € Ny, on the
open interval (0, 2) is a finite linear combination of terms of the form

T1+712+1

(34) ((fp™)ee) I o™
j=1

where the nonnegative integers 71, 72, and 73 ; satisfy

T1+72+1
71+ 7 <7 and g T35 =T+ 1.
=1

Secondly,
0)
3.5 () = —¥r0) € No,
(33) 60 = G TN
where ¢, € C*°(R) is a bounded finite linear combination of products of trigono-
metric functions. In particular, g(™) is continuous on (0,27) for 7 =0,...,a — 1.
Let us first consider (3.2). Combining (3.4)) and (3.5)), it follows from the triangle
inequality that it is, in fact, sufficient to prove (3.2) with
~ (fp(2)) 0 9(6)
g-(0) = S g2) T+ <7<a n=7+T1+ 72 <27,
replacing ¢(™. A direct calculation gives,
2 2 1 2
" — (1) (72) - -
0300 = [ 70000 600 iz | 00

2

! (671 (2)] de

(0=1(2)/2)

(¢~ 1) (2) (™) (x))?
sin?2) (p=1(z)/2)  p(x)

-,

g/R|f(“)(a:)|2p(a:)dm sup

z€R

(1) (72)
1) 0 (@) =

< 07':7'2 Hf”%/[/;()l?(R)a
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where the last step follows from Lemma [2.1] after expanding

(6@ 2 1
sin?2(1+2) (p=1(x)/2) R sin?(12) (arccot(—z/c))
(3.6) = 23+3 (¢ +2%)""

by virtue of (2.6) and basic trigonometry. Hence, g € W*2(0, 27).
To establish (3.3, we demonstrate that any term of the form (3.4) approaches

0as @ — 0% for 7 = 0,...,a — 1; here and in what follows, § — 0~ is to be
understood as the limit § — 27~ on the open interval (0,27). To this end, consider
the following bound for any € € (0,1/2):

T1+72+1

(3.7) ((Fplm H 79 (6

p(.,-2) T1+72+1

preR X ON | BKASRC)
j=1

Our plan is to show that the first term on the right-hand side of (3.7) is bounded
and the second one tends to zero as 6 — 0%,
Define

< |(F™p24) 0 6(0)|

hy = f(Tl)pl/QJre, 1=0,...,a—1,

which are continuous functions on R. Our aim is to prove that h,, € WH2(R), so
that one can conclude

[hr 2o ®) < Cllhr [[wr2w) < oo

by virtue of the Sobolev inequality [I, Theorem 5.4]. First,
(38) /|h71 |2 do = / |f(‘r1 ‘ p 1+2€ dx
< [1£ 2y sup o) < o0
due to ||f(n)||Lg(R) < ||fHWp2,a(R) < 0o. To estimate [|h], ||z2r), We first employ the
triangle inequality:

(3.9) 17 Nz = £Vt 2E 4 (12 4+ ) fT 02 Ly

< Hf('r1+1)p1/2+5 1/2+€)Hf(n e—1/2 1

||L2(1R) +( ||L2(]R)

Through the same line of reasoning as in (3.8]), we obtain

Hf<71+1){)1/2+6 ; < Hf(ﬁH)Hiz(R) sup p(z)* < oo.
P T€R

(e

Moreover, the second term on the right-hand side of (3.9) satisfies

2
5520 gy = [ 1770 Pote) L o

P (z)? m)||?
< sup (W) Hf( )HL?’(R) < 00

z€R
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where the last inequality follows from Lemma [2.1] Hence,

(fmpt?te) o ¢(9)‘ = |lhry [l Lo r) < 00,

sup
0€(0,2m)

which demonstrates the boundedness of the first term on the right-hand side of (3.7)).
To conclude the proof of (3.3]), consider the second term on the right-hand side

of (3.7). By Lemma 2.1 we know that

(72)
i GO
wl}rinoox p(x)1/2+5 =0

for any v € Ng. Combining this observation with (3.5) yields

p(Tz) T1+72+1 ( |
lim |+ o ¢(f 7.3)(9) = 0
P |7 o ¢(0) E P30 (0) ,

which establishes (3.3]); see also (3.6]).
The final conclusion that g € W%2(0, 27) follows from the definition (2.8). O

per

We demonstrate our method numerically for the integrand function f(z) = |z|?,
with p € {1, 3,5}, which is p times weakly differentiable and in Wg’z(]R), but not
in W5+1’2 (R) for p € SP°". We use the value ¢ = 1 for the free parameter in the
Mobius transformation but note that its choice does not seem to have an effect
on the observed asymptotic convergence rates. Two rapidly decreasing weights
are considered: the standard Gaussian p(z) = e~*/2/y/27 and logistic p(z) =
e */(1 + e~*)? densities. The tests are performed on Matlab 2022b with double
precision arithmetic.

Figure[l| compares the error convergence for the Mobius-transformed trapezoidal
rule for the Gaussian weight with two other methods, i.e., the Gauss—Hermite quad-
rature and the trapezoidal rule with a cut-off from [20]. Regarding the logistic distri-
bution, Figure [2| shows a comparison between the Mobius-transformed trapezoidal
rule and the Gauss—Logistic quadrature for which we use the Matlab software by
Walter Gautschi [I1]. Interestingly, Gaussian quadrature shows much slower rate of
convergence in the latter case. This slow convergence of the Gauss—Logistic quad-
rature is not due to the mere double precision in our computations: if the higher
precision supported by the implementation of the Gauss—Logistic quadrature is
used, the decay rate of the error remains the same.

Remark 3.3 (Implementation). From a standpoint of an implementation on a
computer, it should be pointed out that certain function evaluations in at the
Mobius-transformed equidistant points on the unit circle may cause numerical errors
due to the unbounded values of ¢ and ¢' at O and 2w. This problem can be easily
circumvented in two alternative ways: (i) by we know that g(0) = g(27) =0,
which means that one can set the integrand function to zero at 0 and 2w without
actually evaluating ¢ or ¢’ at those points; or (ii) one can add a shift A € (0,2m/n)
to all equidistant quadrature points on the unit circle, which leads to evaluating the
integrand in at 0 =2mj/n+ A forj=1,...,n.

Moreover, since our Mdébius-transformed quadrature is based on the trapezoidal
rule on the unit circle, it is straightforward to implement a nested/embedded ver-
sion of the algorithm such that one can reuse previous function evaluations when
increasing the number of quadrature points n in .
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—e— Gauss—Hermite —#— Trapezoidal —4A— Mobius Trapezoidal

FIGURE 1. Absolute integration error for the Gaussian weight and
f(z) = |z[P, which corresponds to I,(f) = (27/7)Y/2T((p + 1)/2)
where I' is the Gamma function. The blue line shows the error for
the Gauss—Hermite quadrature and the red line for the trapezoidal
rule with a cut-off from [20]. The Mobius-transformed trapezoidal
rule (green) achieves the fastest convergence of the error.

To support our claim that the Mobius-transformed trapezoidal rule achieves the
optimal rate of worst-case error amongst any linear quadrature for the considered
integration problem with a monotonic Schwartz weight p € ST*°", we still need to
deduce a matching general lower bound for this class of algorithms. We follow the
argument in [0 Theorem 2.3], where the authors consider the standard Gaussian
weight.
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Number of evaluation points
—e— Gauss—Logistic —4— Mobius Trapezoidal

FIGURE 2. Absolute integration error for the logistic weight and
f(xz) = |z[P, which corresponds to I,(f) = —2p!Li,(—1) where
Li denotes the polylogarithm [I9, Corollary 4.2]. The blue line
shows the error for the Gauss-Logistic quadrature from [I1]. The
Mobius-transformed trapezoidal rule (green) exhibits much faster
convergence.

Proposition 3.4 (General lower bound). Let p € ST, 1 < ¢ < o0, and o € N.
Then, for any linear quadrature of the form

A, n(f) ::ijf(xj), w; €R, z; €R,
j=1

we have

sup |Ip(f)_Ap,n(f)| > Ci

I >
1% oxreweaw)  fllweam) ne

- APﬂHﬁ(Wﬁ'"(R),(C) =
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where the constant C' is independent of n.

Proof. The space W1(0,1) can be interpreted as a subspace of W*4(R) via
zero continuation of its elements onto R\ (0,1) [I, Lemma 3.22], and thus also
We1(0,1) € WHP(R). Since

ma o)/ ([ e as)”" = ( [ lat@)"p(e)az) ™

for all g € L(0,1), including the first « partial derivatives of f € Wg»q(o, 1), we
have

(Lo (f) = Apn(f)]

sup
ozfeweaw)  Iflweam)
> 1 sup |Ip(f) - Ap,n(f)|
© maXge(o,1] p(z)t/a 0#£fEW®2(0,1) [fllweao,1)
1 1) — A,
(3.10) - sp U= AenlI/P)

maXxgze[o,1] P(x)l/q 0A£fEW™1(0,1) Hf/ﬂ”ww(o,n

where I(f) denotes the unweighted integral of f over R and the last step is a conse-
quence of the mapping R : f — f/p being a linear homeomorphism on W*4(0,1)
due to the positivity and smoothness of p on [0,1]. In particular,

[I(f) = Apn(f/P)]

sup
otrewaay Nf/pllweso,
D sup | (f) P, (f/P)| > Cpaaiav
||R|‘g(ﬁ/a.q(o,1)) 0#£feW=4(0,1) ||f||Wavq(0,1) n

where the last inequality corresponds to a lower bound for the accuracy of linear
quadrature rules for unweighted integrals of functions in W*4(0, 1) over (0,1) [46].
Combined with (3.10)), this proves the claim. O

4. RANDOMIZED TRAPEZOIDAL RULE

The considered integration problem for the important special case of a Gaussian
weight is tackled by randomized algorithms in [I3]. In particular, the best attainable
worst-case root-mean-squared error (RMSE), amongst any possibly nonlinear or
adaptive algorithm, is proved to be of order n=®~1/2 [13, Theorem 2.1]. Using our
Mbobius-transformed trapezoidal rule, with a suitable randomization, one can attain
this optimal rate, without a logarithmic multiplicative factor as in [I3, Theorem 3.3]
for a truncated randomized trapezoidal rule.

In the following, we call A a randomized algorithm, which is a pair of a probability
space (Q,%, ) and a family of mappings (A¥),ecq, when (i) each fixed w € Q
defines a deterministic algorithm A“ and (ii) the number of nodes used for each
fixed integrand f is measurable with respect to w. We define the worst-case RMSE
for a randomized algorithm A on W?(R) as

2 1/2
ermse(A WCX72(R)) — sup (fQ |Ip(f) - Aw(f)| du(w))

0#FEWS*(R) £ g2 )
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Definition 4.1 (Randomized Mdébius-transformed trapezoidal rule). Let M be an
integer-valued random variable that is distributed uniformly over {|%],...,n}, and
let § be a uniformly distributed random variable on [0,1]. Assume that M and 6 are
mutually independent. For a continuous function f: R — C, we define a weighted
randomized Mobius-transformed trapezoidal rule A, vt = (Ay,inMT)M,é by

M-—1
(1) AN (F) = ST (6067)) p(0(6,)) 91 (6),
j=0

where the integration nodes are defined as 6; == 2n(j +6)/M.

The convergence rate n~~/2 of the RMSE for the randomized quadrature rule
is a direct consequence of Lemma combined with the classical result by
Bakhvalov, [3] or [22, Theorem 11] where multidimensional settings are considered.
Since our setting is one-dimensional, we refer to [I3, p. 1670] for a better bound
on the RMSE for 2T -periodic functions. For completeness, we formally state this
result as follows:

Theorem 4.2 (Upper bound on randomized integration). For p € ST°" and a € N,
the randomized Mobius-transformed trapezoidal rule (4.1) satisfies

ermse (An,RMTa W;’Q(R)) < On7a71/2’

where C' > 0 is independent of n.

5. Lf, APPROXIMATION

In this section, we consider approximating functions in the L?(R)-norm. More
precisely, we aim to construct an algorithm A, : W;’“”(R) — Lg(R) using n function
evaluations, so that the the worst-case error

If = AnfllLew
11— An”x(Wﬁ’q(R),Lﬁ(R)) = sup = _ne IR
ozreweaw) N fllweam)

is as small as possible for 1 < p < ¢ < co.
To begin with, let us expand the Lb(R)-error as follows:

I = An gy = [ 17(0) = (AnP@)F plo) o
27

- / |£(6(0)) (0(6(0))6(0)) /7 — (B, £)(0)|"do,

0

where the transformed approximation operator B, on the unit circle is defined by

(Baf)(0) = (Anf)(6(0) (p(6(0))6'(9)) "

Hence, deviating slightly from the integration problem of Section our aim is
to construct an approximation for g, = ((fp'/?) 0 ¢)(¢')'/? on the torus T. We
propose the following algorithm, which is nothing but trigonometric interpolation
of g, using equidistant points on the unit circle:

Definition 5.1 (Trigonometric interpolation with Mdébius transformation). Let
n €N and g, = ((fp'/P)o @) ()P, We define the algorithm B, via trigonometric
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interpolation of gp:

[(n—1)/2] n—1

~ . 1 ke,

G BHO = Y G0 Gk =5 > g0,
k=[—(n—-1)/2] J=0

where 0; = 2mj/n. The resulting algorithm over the real line is then given by

(Anf)(@) = (Buf)(67 (@) ()¢ (¢~ ()7,

where

by .

We claim that this algorithm achieves the optimal rate of convergence; this result
is presented in two parts as Theorem and Proposition

Theorem 5.2 (Upper bound on Ly approximation). For p € ST" and 1 < p <
q < 00, it holds that

11— AnHz(W,‘,’“q(R),Lg(R)) < Crapgn ¥ a€N,
where Cy o p,q > 0 is independent of n € N.

To deduce the convergence rate of Theorem[5.2] we generalize Lemma[3.2]to show
that the transformed target function g, belongs to the periodic L9-based Sobolev
space Wigd(0,2m) = W*4(T) for ¢ > p. The proof of Theorem then follows
from a trigonometric interpolation result by Temlyakov [47, Theorem 2.7].

Lemma 5.3. Let a € N, 1 <p < g < oo, f € WH(R), p € SE" and g, =
((f p/?) 0 @) (¢)/P. ForT=0,...,0a,

(52) Hg;()T) ||Lq(0727-() < CPJ»P-,q”fHW,?’q(R)v

where the constant Cp r q.p > 0 is independent of f. Moreover, forT =0,...,a—1,
i (M) = 1 (™) (g) =

(5.3) Jm g7 (0) = lim_g,7(0) = 0.

In consequence, g, € W1(0,27).

per

Proof. The proof follows the general structure of that for Lemma [3.2l To begin
with, note that p'/? € S due to Corollary

A straightforward induction argument, presented in Appendix [A] demonstrates
that the weak derivative gz(f), 7 € N, on the open interval (0,27) is a finite linear
combination of terms of the form

Ti+T2+T3
(54) (f )0 g) (@)™ ] o),
j=1

where the nonnegative integers 71, T2, 73 and 74 ; satisfy

T1+7T2+73
T+ 71+ 713 <7 and E Ta; =T+ T3.
i=1

Recall that the structure of ¢(7) is as indicated in (3.5)); see also ([2.6]).
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Let us first tackle (5.2). Because of (5.4)), (3.5), (2.6) and the triangle inequality,

it is sufficient to prove (5.2) with

(fT(pMP) ™)) 0 $(6)
sin"t2/7(9/2)

Grp(0) = ) nm+nr<7t<a n=17+7 +72 <27,

replacing gl(f). We have

q

1

| e 1/py(r2)
ey o <¢<0)>sm,7+2/p(9/2)

HgﬂPHiq(o,zw) =

-/
< [ @)oo o

o [ @] (67 @)
R (@P s (g 1(x) /2)]

x)}dx

1/py(2)
0 0) s

el

< Cparal 1o sy

The last inequality follows from Lemma with w = p'/? and r = q/p > 1
(cf. Corollary [2.2) since
(¢~ 1) (=) 2c 1
(5'5) 2 ) 2 2
sin?"+24/P (=1 (g )/2)) 2 + 22 gin?24/P (arceot(—x/c))

2
T cant2q/p—1

(02 + xz)qn/2+q/p—1

by elementary trigonometry and (2.6]).
To prove (5.2), we start by bounding a term of the form (5.4) for any ¢ €
(0,(q — p)/pq) as follows:

T1+T2+T3

(S ) 0 p(o))e o) T o)

J=1

(5.6)

T T1+T2+T
[ (L

1/q+€ ¢(9)>¢/(0)1/P73 H ¢(7—4,j)(9)
j=1

Since 1/q¢ + ¢ < 1/p, it is a consequence of Lemma Corollary (2.6) and

(3.5) that

. li
(6.7 Jim

see also (5.5)).

Consider then the first term on the right-hand side of (5.6, or more precisely,
the continuous function hg ., = flmpt/ate 7 =0,...,7 < a— 1, with the weak
derivative

(58) Hyr, = FTEDPMHE 4 (1 g 4 ) ) pl/atemt

q,T1

T1+7T2+T3

1/p\(72)
<(pp1/q)+e o¢(9))¢/(9)1/P—73 H ¢(T4’j)(9) B
j=1
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By showing that both hy -, and hj . belong to LI(IR), the (essential) boundedness
of hy r, follows from the Sobolev embedding W14(R) < L*>(R). We have

||}L¢17,r1 HquZ(R) = / |f(71)(m)|qP1+qa(x) de < Hf(n)”ig(R) 21elgpqa(w) < .

Moreover, the two terms composing hp -, in (5.8) satisfy

||f(Tl+1)p1/q+E||L‘1(]R) <|f Tl+1)||ig(]R) ig%pqs(x) < 00,

and

/
5004 gy = [ 7@ 00 S50
p

= Hf(Tl)HLq(]R) i L ()=

where the last 1nequahty is a consequence of Lemma[2.1] Combining these estimates

with (5.7) proves .

The ﬁnal conclusion that g, € W9(0, 27) follows from the definition (2.8). O

per

In order to prove the claimed optimality of the Mobius-transformed trigonometric
interpolation, we also give a lower bound for all linear approximation algorithms.

Proposition 5.4 (General lower bound). Let p € SP", 1 < p < ¢ < o0, and
a € N. Then, for any linear operator A, : W4(R) — LP(R) with rank(A,) < n,
1
11— Anll 2wea®),Lz®) = ana
where the constant C' is independent of n and A,.

Proof. We follow the line of reasoning in [6, Proof of Theorem 3.3]. To this end, let
J € W5(0,1) and denote its 1-periodic extension onto the real line by the same
symbol. An argument similar to that in the proof of Proposition demonstrates

that the extension f belongs to W:/(R). For any N € N,

Il =32 [ 157 @) aa
—ZZ/ £ (@ + k)[9p( + k) da

T=0keEZ
SZ/ |f7@)|7de Y sup p(z+ k)
=)o keZajE[O 1]
1
< C f o.q SUp ————F o\ v
o, LF Iy (0, 1)%96 c[0.1] (1+ (z+k)2)N

< Cp||f||wa41(0,1)

since p is rapidly decreasing. In particular, f € W“’q( ).
Since the above construction applies to any f € W?(0,1) with the same con-
stant C,, we have

(I = An) fllee
||I— Aan(W,;W(R),Lg(R)) = sup e ®)
oxrews w) I fllweam)
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i 1/p I—A,
S, MiNgefo,1] p(z) sup (I¢ )l 0,1

cyl otfewe, 0)  Ifllwean)

The claim then follows from a lower bound for the approximation of periodic func-
tions [47, Theorem 2.1.1], presented originally in [28]. O

Remark 5.5 (Fast Fourier Transform). If one resorts to the Fast Fourier Trans-
form (FFT) in , the computational cost and memory usage by the algorithm of
Definition[5.1] are only O(nlogn) and O(n), respectively. The article [A1] considers
another interpolation algorithm based on FFT, with the same computational cost.
However, our algorithm achieves a better error decay than the one in [41].

6. MULTIVARIATE EXTENSION BY COMPONENTWISE TRANSFORMS

This section extends the one-dimensional integration result in Section [3] to a
multidimensional setting. We consider a componentwise Mobius transformation
be : (0,2m)4 — RE

$c(0) = (c1 cot(01/2), cacot(62/2), ..., cqcot(6q/2)),
and aim to approximate the multi-dimensional weighted integral

d
60 L) = [ f@p@de= | Fe(®p(6e(®) [T ero' (1) .

Assuming that the target integrand function f lives in a tensor product of one-
dimensional weighted Sobolev spaces ng g(Rd) defined by , the transformed
integrand in is in the periodic Sobolev space of the same smoothness Wg ’2(Td).
This is a direct consequence of Lemma [3.2]

Proposition 6.1. Let a« € N, p(x) = HZ:1 pr (k) with pp € ST, f € W:g(Rd),
and

d
9(0) = f(6(6))p(¢c(0)) [T cxe'(6%).
k=1

Then g € WS (T%).

As the modified integrand function in is in the periodic Sobolev space
Wg’Q (T%) that is norm-equivalent to the Sobolev space of dominating mixed smooth-
ness er‘lii('ﬂ‘d), one can employ in good rank-1 lattice points [30, Equa-
tion (5.27)], [37, Section 4.5] to obtain the error convergence rate n~(logn)*¢ or
alternatively resort to higher-order digital nets [I5] to achieve the exactly optimal
rate of n=(logn)d=1/2,

7. CONCLUDING REMARKS

In this paper, we introduced the M6bius-transformed trapezoidal rule for numer-
ical integration over the real line. We proved that this rule attains the optimal rate
of convergence for the worst-case error for a wide class of weighted Sobolev spaces.
Let us review some notable features of our method. The assumption p € ST°" is
general enough to include weights that decay at the speed e~ |#! or even slower as
x approaches infinity. Indeed, we can see the expected convergence for an integral
weighted by the logistic probability density in Figure 2] Moreover, the implemen-
tation of our method is straightforward: no information on the smoothness of the
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inputted integrand function is required, the only needed information on the weight
are its values at Mobius-transformed equidistant points on the unit circle, and the
computational cost of the method is low.

As noted already in Section quadrature rules based on a variable trans-
formation and a subsequent application of the trapezoidal rule have a long his-
tory [32], B8] [39, 43]. However, in contrast to the Mdbius-transformed trapezoidal
rule, most existing rules have been designed to integrate analytic functions. We
highlight the relatively popular single and double exponential formulas [42], 40, [45]
that use the change of variables and what is called a single or double exponential
transformation v : R — I to approximate an integral over an interval I as

/I f(z)dz = /R FO@O)E B At~ h S FGR)Y (h),

j=—n

where A > 0. These formulas are known to exhibit fast rates of convergence for
functions analytic in certain regions of the complex plane [44]. Even the optimality
of the double exponential formula is shown in [40] for analytic functions. We also
refer to [14] for recent further results for analytic functions.

When I = (—1,1), the single and double exponential transformations are

Ysp(z) = tanh (‘;) and  Ypg(z) = tanh <72Tsinh(:c)>.

To obtain other quadrature rules such as to integrate functions in weighted
Sobolev spaces over R, one could replace the Mobius transformation with the inverse
of a single or double exponential transformation. We have observed numerically
that the inverse single exponential transformation works well. However, it is not
known yet if these formulas can achieve the optimal rate of convergence for weighted
Sobolev spaces, and answering this question is left for future studies.
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APPENDIX A. INDUCTION PROOFS

The purpose of this appendix is to provide induction proofs for four technical
results used in the above analysis, namely the representations , , and
F4).

Let us first prove (2.5), i.e., that for any 8 € N, the derivative (w®)(® is a finite
linear combination of terms of the form

T ()

v
Al s ith ~ < _
(A1) w jl;[l — with v < g8 and ;TJ Ié;

First of all, for g =1,

wl

s\/ __ s
(w®) = sw o
which is of the required form with v = 1 and 7; = 1. Assume then that the claim

holds for an arbitrary but fixed 5 € N. The proof is completed by showing that the
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derivative of a term of the form (A.1]) is a linear combination of terms that satisfy
the same conditions with § replaced by 5 + 1:

s Y w(‘U))l S(w’ v w(Tj)> Y w(TJ+5Jk) S(w/ i w(Tj))
w Sw — % —
() = (ST ) e T - (DI

Y Y
Sl

where ;1 is the Kronecker delta. As all summands on the right-hand side are of
the required form, with the first one having v+ 1 < 8+ 1 terms in its product and
the others v terms, the assertion follows.

We then prove , i.e., that for g = ((fp) o ¢)¢’ the derivative ¢(7), 7 € N, is
a finite linear combination of terms of the form

1 (75

= (s —v)ws(o; 1%

j=1

w(TJ +6Jk7)

7'1+T2+1 T1+72+1
(A.2) ((f( (72 H ¢ 75)  with 7 +7 <7 and Z T35 =T+1.
j=1

The case 7 =0 obv10usly holds with 71,70 = 0 and 731 = 1. Assume then that the
claim is true for an arbitrary but fixed 7 € Ny. The proof is completed by showing
that the derivative of a term of the form is a linear combination of terms that
satisfy the same conditions with 7 replaced by 7+ 1:

T1+72+1 1 TitTe+l T1+72+1
(((f<n>p<r2>)o¢) 11 ¢<m) = S (o) [ oot
Jj=1 k=1 j=1

T1+72+1
+ () fplmt) ( H ¢(T3J)>

As all summands on the right-hand side are of the required form, w1th either 7
or Ty increasing by one on the second line and neither of the two increasing on the
first line when increasing the order of the derivative from 7 to 7 + 1, the assertion
follows.

Then it is the turn of (5.4)), i.e., we aim to prove that for g, = ((f p/PYog)(¢))1/P

the derivative g,(f), 7 € N, is a finite linear combination of terms of the form

T1+T2+T3

(A.3) ((fT (7))o g) (¢ P [ o,
j=1
with
T1+T2+73
(A4) T+ 7+ 713 <7 and Z Ta; =T+Ts.
j=1

To prove the case 7 = 1, write
(7970 0)(@)7) = (7017 + F(17)) 0 0)(6)) 75/
+ %((f pl/p) ° ¢) (¢/)1/p—1¢(2)’

where all three terms are of the required form with (7,72, 73,741) = (1,0,0,1),
(0,1,0,1) and (0,0,1,2), respectively. Assume then that the claim is true for an
arbitrary but fixed 7 € N. The proof is completed by showing that the derivative
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of a term of the form (A.3) is a linear combination of terms that satisfy the same
conditions (A.3)-(A.4) with 7 replaced by 7 + 1:

T1+7T2+T3 l
(((fm’(p”P)(”))o¢)<¢’>”p—fs 11 ¢<T4-j>)
j=1
= ((frD (7)) 4 I (pHP) D) 0 ) (¢1) /P <¢>’ mﬁw ¢<T4=j>)
j=1

T1+T2+T3
FWUp=m) (™) 0 0) (@) (6 T o)
j=1

T1+T2+73 T1+7T2+73

+ > (PN eg) ) I el
k=1 j=1

As all summands on the right-hand side are of the required form, with either 7 or
To increasing by one on the first line, 73 increasing by one on the second line and
none of the three indices increasing on the final line when increasing the order of
the derivative from 7 to 7 + 1, the assertion follows.

This appendix is completed by proving , i.e., that the derivatives of ¢(6) =
—ccot(0/2) satisfy

Y- (9)
sin™"(0/2)’
with ¢-(8) € C*°(R) being a bounded finite linear combination of products of

trigonometric functions. By definition, the claim holds for 7 = 0. Assume that ¢(7)
is of the form (A.5) for an arbitrary but fixed 7 € Ny and let us differentiate:

_ ¥4 (9)sin(6/2) — T (9) cos(6/2)
B sin™t2(0/2) ’

(A.5) o) = T € Ny,

¢(T+1) (6)
which immediately proves the claim.
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