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Abstract—Turing computability deals with the question of what
is theoretically computable on a digital computer, and hence is
relevant whenever digital hardware is used. In this paper we
study different possibilities to define computable bandlimited
signals and systems. We consider a definition that uses finite
Shannon sampling series as approximating functions and another
that employs computable continuous functions together with
an effectively computable time concentration. We discuss the
advantages and drawbacks of both definitions and analyze the
connections and differences. In particular, we show that both
definitions are equivalent for many practically relevant signal
classes, e.g. for bandlimited signals with finite energy, but also
that there are important differences, such as for the impulse
responses of BIBO stable LTI systems.

Index Terms—Bandlimited signal, time concentration, effective
approximation, Turing computability, digital and analog signal
processing

I. INTRODUCTION

ANDLIMITED signals play a crucial role in signal

processing [2]-[7]. According to Shannon’s sampling
theorem, a bandlimited signal with finite energy is uniquely
determined by its samples taken at the Nyquist rate, and the
continuous-time signal can be recovered from the samples by
means of the Shannon sampling series [8], [9]. Shannon origi-
nally formulated the sampling theorem for bandlimited signals
with finite energy. By now, many authors have extended
this result in different directions, e.g., to sampling theorems
for more general signal spaces [10]-[12], missing samples
[13], non-bandlimited signals [14], signals bandlimited in
the fractional Fourier transform domain [15]-[17], stochastic
processes [18], and multiband signals [19].

In general, sampling theorems are important whenever
continuous-time signals have to be converted to discrete-
time signals and vice versa. Nowadays, digital technology is
ubiquitous and of enormous importance because most signal
processing is done in the digital domain.
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Despite the widespread and successful use of digital signal
processing it is interesting to study the limitation of digital
signal processing, also in light of the recent progress that
has been made towards the development of novel computing
technologies, such as analog neuromorphic computing and
analog quantum computing.

A fundamental issue in the theory of bandlimited signals is
the inherent infinite time duration of these signals, which is
caused by their band limitation. Often, it is argued that practi-
cally relevant bandlimited signals are essentially time limited,
in the sense that most of their signal energy is contained
in some relevant time interval, or, similarly, that the signal
amplitudes are negligible outside of this interval. Thus, the
signal concentration in the time domain is of general interest
[20]-[22]. The question that we ask is: Can we algorithmically
determine the essential time concentration of a bandlimited
signal?

In this paper we consider the Bernstein spaces B2, i.e.,
bandlimited signals with finite L”-norm as characteristic time
domain behavior [23]. Often, such signals cannot be repre-
sented in closed form, e.g., in optimization tasks or filter de-
sign problems [24]. Hence, the approximation of such signals
and the control of the approximation error are important.

Nowadays, most signal processing is done on digital hard-
ware, such as microprocessors, field programmable gate arrays
(FPGAs), or digital signal processors (DSPs), and hence ques-
tions of computability arise. In order to study these questions,
we employ the concept of Turing computability. A Turing
machine is an abstract device that manipulates symbols on
a strip of tape according to certain rules [25], [26]. Although
the concept is very simple, a Turing machine is capable of
simulating any given algorithm. Turing machines have no
limitations in terms of memory or computing time, and hence
provide a theoretical model that describes the fundamental
limits of any practically realizable digital computer. Com-
putability is a mature topic in computer science [25]-[30]. In
the signal processing literature, however, it has not received
much attention.

Computability is important for the control of the approxi-
mation error if digital hardware is used to compute the signals.
One of the key concepts of computability is the effective, i.e.,
algorithmic control of the approximation error. If a signal
is computable, then for every prescribed error tolerance e
we can compute an approximation that is e-close to the
desired signal. This is illustrated in Fig. 1. In contrast to
classical approximation theory, where the mere mathematical
existence of an approximation is sufficient, the essential point
for computability is that, for any given error tolerance € > 0,
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Fig. 1. For a computable signal we can always determine an error bar and
then can be sure that the true value lies within the specified error range.
Illustration similar to [31].

the approximation can be algorithmically computed in a finite
number of steps.

In [31]-[35] computability was introduced for bandlimited
signals in B2, using a natural approach that reflects the special
role of the Shannon sampling series. More specifically, accord-
ing to this definition a signal f € BP is called computable if

1) there exists an algorithm that computes a sequence
{fn}nen of finite Shannon sampling series in B, and

2) the approximation error can be effectively controlled, i.e.,
we have || f — fu|[gz < 27" for all n € N.

The motivation for using the Shannon sampling series in this
definition has been twofold. First, the Shannon sampling series
plays a fundamental role in signal processing, especially in the
theory of bandlimited signals and, second, the finite Shannon
sampling series with rational coefficients can be computed on
a digital computer, while having an effective control of the
approximation error. The advantages of the above definition
are apparent: the definition is intuitively clear, very general,
and, since it uses the finite Shannon sampling series, it is
easy to perform analytical calculations, such as taking the
derivative. However, this definition also has its drawbacks. For
example, questions related to the time concentration behavior
cannot easily be answered, and, additionally, it is unclear
how this definition is connected to the usual definition of a
computable continuous function. In this paper we will answer
both questions for signals in B2, 1 < p < co. We will also
see that for p = o0, i.e., B;f’o, the situation is more involved.

Since there are several approaches how to define computable
bandlimited signals it is interesting to analyze the connections
between these definitions and to study which of the definitions
is best suited to work with in certain problems. We will
compare different definitions, and analyze whether they lead
to the same class of signals. In case they are not equivalent,
it is interesting to characterize the differences.

The structure of this paper is as follows. In Section II we
discuss the significance of discrete-time and continuous-time
signals in signal processing. Then in Sections III, IV, and V
we introduce the general notation, the basics of computability
theory, and the definition of a computable bandlimited signal,
respectively. The time-concentration of signals and first con-
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Fig. 2. Processing of analog signals in the digital domain. Illustration similar
to [36].

nections to computability are treated in VI. Our main results
follow in Sections VII-XII. In Section VII we give a complete
characterization of bandlimited locally computable signals
with an effectively computable continuous-time concentration.
In Section VIII we treat the bandlimited signals with an
effectively computable discrete-time concentration. Then, in
Section IX we present some consequences of our previous
results for the computability of the signal norm. Some aspects
of the compiler problem, where one signal representation is
to be converted into another representation, are discussed in
Section X. A further possibility to define locally computable
bandlimited signals is presented in Section XI, and some
connections to the previously introduced signal classes are
derived. In Section XII we give results for the case of
oversampling. Finally, a conclusion is given in Section XIII,
where we discuss some open problems.

II. ANALOG AND DIGITAL DOMAINS

Linear time-invariant (LTI) systems are extensively used in
signal processing. While most real physical systems are analog
and continuous in time, the processing of data is often done
on digital devices. Hence, the conversion of signals from the
analog to the digital domain and vice versa is essential. The
link between both domains is established by various sampling
theorems.

A typical procedure how to process an analog signal in the
digital domain is illustrated in Fig. 2. First, the continuous-
time signal is converted into a discrete-time signal by sam-
pling. Then it is processed by a digital system, which is derived
from the actual analog system. Finally, the discrete-time output
of the system is converted back into a continuous-time signal.
A crucial part of this procedure is the transition from the
analog domain into the digital domain and vice versa. The
conversion of an analog continuous-time signal into a discrete-
time signal can be done by sampling, an operation that, from a
theoretical point of view, causes no problems. In contrast, the
reconstruction, where it is important that the approximation
error can be controlled, can be problematic.

As discussed in the introduction, all bandlimited signals
have an infinite duration. Hence, finite impulse response
continuous-time LTI systems with bandlimited impulse re-
sponse do not exist. Nevertheless, the time concentration of
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the impulse response is an important quantity. In this paper,
we consider the Bernstein spaces B2, 1 < p < oo, and analyze
the computability of their time concentration behavior. We will
see that the special cases B and B2y, which are important in
the theory of bounded input bounded output (BIBO) stable LTI
systems, are special in the sense that they exhibit a behavior

that is different from the other spaces.

III. NOTATION

By ¢y we denote the set of all sequences that vanish at
infinity. Further, by ¢7(Z), 1 < p < oo, we denote the usual
spaces of pth-power summable sequences x = {x(k)}rez
with the norm [|z][e» = (3o |x(k)[P)}/?, and by £>°(Z)
the space of all bounded sequence with the norm |||/ =
supyez|z(k)|. For @ C R, let LP(2), 1 < p < o0, be the space
of all measurable, pth-power Lebesgue integrable functions on
Q, with the usual norm || ||, = ([,,|f(£)[? dt)l/p and L>(Q)
the space of all measurable functions for which the essential
supremum norm || f||c = esssup,cq|f(¢)| is finite.

By f we denote the Fourier transform of a function f, and
by f|z the sequence {f(k)}rez, which is the restriction of f
to the set Z. The Bernstein space B2, o > 0, 1 < p < oo,
consists of all entire functions of exponential type at most
o, whose restriction to the real line is in LP(R) [37, p. 49].
The norm for B? is given by the LP-norm on the real line,
ie, ||-[lge = ||-|p- A signal in B? is called bandlimited
to 0. B2 is the frequently used space of bandlimited signals
with bandwidth o and finite energy, and B2° the space of all
bandlimited signals with bandwidth o that are bounded on the
real axis. B, denotes the space of all signals in B3 that
vanish on the real axis at infinity. We have B}, C BS C B>
for all 1 < r < s < co. While the space B?, of bandlimited
signals with finite energy has a special physical interpretation,
also the extreme cases in the scale of Bernstein spaces, B2 and
BS°, are important. They are, for example, used in system and
signal theory to model BIBO stable LTI systems. For every
function h € B;, the convolution integral

o= [ T h(t - f() dr

— 00

defines a BIBO stable LTI system 7': B3° — B2°.

1V. BAsICS OF COMPUTABILITY

In order to study the question of computability, we introduce
some basic notions next. A recursive function is a function,
mapping natural numbers into natural numbers, that is built of
simple computable functions and recursions. We will not go
into details here, for us, it is important that recursive functions
are computable by a Turing machine. Details about recursive
functions can be found for example in [38].

A set A C N is called recursively enumerable if A = () or
A is the range of a recursive function. A set A C N is called
recursive if both A and N\ A are recursively enumerable.

Definition 1. We say that a set A C N is a recursively
enumerable non-recursive set, if A is recursively enumerable
but not recursive, i.e., if A is recursively enumerable but N\ .4
is not recursively enumerable.
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Such recursively enumerable non-recursive sets exist [38,
p- 19, 4.4 Proposition] and will be of great importance for the
results in this paper. For every recursively enumerable non-
recursive set 4 C N, there exists a recursive enumeration of
A, i.e., a recursive function ¢ 4: N — A that is surjective and
injective.

Alan Turing introduced the concept of a computable real
number in [25], [26]. Our definition of a computable real
number is based on computable sequences of rational numbers
[28, p. 14].

Definition 2. A sequence of rational numbers {7, },en is
called computable sequence if there exist recursive functions
a,b,s from N to N such that b(n) # 0 for all n € N and
rn = (=1)*™a(n)/b(n), n € N.

Definition 3. A real number z is said to be computable if there
exist a computable sequence of rational numbers {r, } ,en and
a recursive function £: N — N such that for all M € N we
have |z —7,| <27M for all n > £(M). By R, we denote the
set of computable real numbers, and by C. = R, + iR, the
set of computable complex numbers.

Note that commonly used constants like e and 7 are
computable. A non-computable real number was for example
constructed in [39].

Definition 4. A sequence of real numbers {x,, } en is called a
computable sequence of computable numbers if there exists a
computable double sequence of rationals {7, ., }rn men and a
recursive function £: N x N — N such that, for all M € N and
all n € N, we have |z,, — 7| < 27M for all m > &(M, n).

Note that if a computable sequence of computable num-
bers {z,}nen converges effectively to a limit z, then x is
a computable real number [28, p. 20, Proposition 1]. By
effective convergence we mean a convergence where we have
an algorithmic control of the approximation error. We will
discuss this in more detail at the end of this section.

Definition 5. A sequence {z(k)}rez in co is called com-
putable in ¢q if every number x(k), k € Z, is computable
and there exist a computable sequence {x,, }nen C co, where
each z, has only finitely many non-zero elements, and a
recursive function &: N — N, such that for all M € N we
have ||z — 2|/ < 27M for all n > &(M). By Cco we
denote the set of all sequences that are computable in cg.

We now give the definition of a computable continuous
function on a compact interval [28, p. 25, Definition A(ii)].

Definition 6. Let /[ C R be an interval, where the endpoints
are computable real numbers. A function f: I — R is called
a computable continuous function if

1) f maps every computable sequence {t,}neny C I into
a computable sequence {f(t,)}nen of computable num-
bers.

2) there exists a recursive function d: N — N such that for
all M € Nand all 1,y € I we have: |t; —ta| < 1/d(M)
implies | f(t1) — f(t2)| < 27M.
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We next provide the definition of a computable continuous
function on R. This definition is a straight forward extension
of Definition 6.

Definition 7. A function f: R — R is a called a computable
continuous function if

1) f maps every computable sequence {t,}neny C R into
a computable sequence {f(¢,) }nen of computable num-
bers.

2) there exists a recursive function d: N x N — N such
that for all M, L € N and all ¢1,t5 € [—L, L] we have:
[t1 — ta] < 1/d(M, L) implies |f(t1) — f(t2)| < 27M.

It can be shown that Definition 7 is equivalent to the fol-
lowing definition that uses sequences of rational polynomials
[28, p. 36].

Definition 8. A function f: R — R is called a computable
continuous function if there exists a computable double se-
quence of rational polynomials {p,, 1 }nen, ren and a recursive
function £: N x N — N, such that for all L, M € N, we have

1

_ <
ter[gagL]If(t) Par(t)l < 3

for all n > &(M, L).

Definition 8 has the advantage that it immediately gives
us a representation of a computable continuous function that
is suited as an input to a Turing machine. According to
Definition 8, a computable continuous function is specified
by a computable double sequence of rational polynomials
{Pn,L}nen,Len and a recursive function £: N x N — N.
We call the pair ({pn,r}nen,zen, &) a representation of the
function. Note that this representation is not unique.

V. COMPUTABLE BANDLIMITED SIGNALS

Next, we define computable bandlimited signals using the
same definition as in [31]-[35] that is based on the finite
Shannon sampling series as an approximation function.

Definition 9. A function f € B2, 0 > 0, p € [1, 0], is called
elementary computable in B2, if there exists a natural number
L and a sequence of computable numbers {cj }-__; such that

ZL: o sin (a(t - %’r)) .

(1= %)

1(t) =
k=—L
The building blocks of an elementary computable function
are sinc functions. Hence, elementary computable functions
are exactly those functions that can be represented by a
finite Shannon sampling series with computable coefficients
{cx}E__ ;. Note that every elementary computable function
f is the finite sum of computable continuous functions and
hence a computable continuous function. As a consequence,
for every ¢t € R, the number f(¢) is computable. Further,
the sum of finitely many elementary computable functions
is elementary computable, as well as the product of an
elementary computable function with a computable number.

Definition 10. A signal in f € B2, 0 > 0, p € [1,00) N
R, is called computable in B2 if there exists a computable
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Fig. 3. Signal generator that generates the bandlimited signal f (which is
an approximation of f with arbitrarily high accuracy) from the representation
({frn}nen,&). M specifies the approximation accuracy.

sequence of elementary computable functions { f,, }nen in B2
and a recursive function ¢: N — N such that for all M € N
we have

1
IF = fallez < 537 1)

for all n > £(M). For p = oo, ie., f € B3, we use the
analogous definition, where the B2-norm is replaced with the

o0o-norm. By CB%, o > 0, p € [1,00)NR,, we denote the set
of all signals in BY that are computable in B2, and by CB,
the set of all signals in B, that are computable in 5.

According to this definition we can approximate any signal
fecB, pe [l,00) NR. by an elementary computable
signal, where we have an “effective”, i.e. computable control
of the approximation error. For every prescribed approximation
error 1/2M we can compute an index My = £(M) such that
the approximation error ||f — f,||gz is less than or equal to
1/2M for all n > M,. Hence, the type of convergence that
we have in (1) is called effective convergence.

We see from Definition 10 that a computable bandlimited
signal f in CBE, ¢ > 0, p € [1,00) N R, is specified by
a computable sequence of elementary computable functions
{fn}nen in BE and a recursive function £. We use the notation
({fn}nen, &) to denote this representation of f.

Remark 1. If f is a computable bandlimited signal according
to Definition 10, ie., if f € CB2, p € [1,00) N R, or
J € CB, then f is also a computable continuous function
according to Definition 7, or, equivalently, Definition 8. The
proof of this fact will be given in the Appendix.

In Definition 10 we introduced computable bandlimited sig-
nals. The basis for this definition is the time domain behavior
of bandlimited signals and Shannon’s sampling theorem. We
further have seen that for f € CBE, the pair ({fy}nen, &) is
a representation of f. Using this representation, the signal f
can be approximated, as described in Definitions 9 and 10,
up to any given accuracy and generated for example by a
signal generator, as depicted in Fig. 3. Note that the operating
principle of the signal generator can be analog or digital.

In general, a signal generator obtains some description
of the signal to be generated, such as the representation
({fn}nen, &) in our example. However, other descriptions are
possible and might be preferred by the user depending on the
application. These descriptions could include approximations
by finite duration splines, signal representations in the fre-
quency domain, or signal representations based on the time
domain concentration. If such a different description is given,
it needs to be converted into the representation ({fy}nen, &)
that is understood by the signal generator in our example.
Often, it is expected that this conversion can be performed
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automatically by a program, i.e., a Turing machine. This
Turing machine may be seen as a compiler that generates a
suitable signal representation for the signal generator. A piv-
otal question in this context is: for what signal representations
is such an algorithmic conversion possible?

In this paper, we have a detailed look on different signal
representations and study this question for bandlimited signals.
In particular, we consider the signal concentration behavior in
continuous time and discrete time. In many applications, for
example in signal generators or digital-to-analog converters,
the signals are described by their samples, and, therefore,
the time concentration behavior is specified in discrete time.
A relevant question is whether in this case we can also
algorithmically describe the time concentration behavior in
continuous time. We will show that this is possible for a
large class of signal spaces. However, we will also see that
for certain signal spaces, which are important for example in
system theory, this problem is not algorithmically solvable.

VI. TIME CONCENTRATION

Bandlimited signals possess a perfect concentration in the
frequency domain in the sense that the Fourier transform of
a bandlimited signal is non-zero only on some finite interval.
Because of the perfect concentration in the frequency domain,
bandlimited signals cannot simultaneously be perfectly con-
centrated in the time domain.

Next, we return to the question from the introduction and
analyze whether it is possible to algorithmically determine the
essential time duration of bandlimited signals. For a signal
feB2 1<p< oo, the expression

L
| 1sop @
L
can be considered as a measure of the “amount” of the signal
f that is located within the interval [—L,L]. Further, the
expression

[e%S) L
[ wera [pora= [ rera o
—o0 —L [t|>L
can be seen as a measure of the concentration of the
continuous-time signal f on the time interval [—L, L]. The
smaller the value, the more concentrated the signal is on the
interval. Hence, the study of the time concentration behavior
is closely related to the question of how fast the sequence of
functions {f1.}ren, given by

f@), <L,

0= 1>L

converges to f in the LP-norm.

For all signals f € BP, the expression in (3) converges to
zero as L tends to infinity. The question now is whether, and
under what conditions on f, this convergence is effective, i.e.,
can be described algorithmically.

If f e CBE, pe[l,o0)NR,, then there exists a com-
putable sequence {f,}nen of elementary computable func-
tions in BP such that ||f — fu|gz < 27". It follows that
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\Ifllz2 = I fallgz| < 27", which shows that | f|szz € R..
Moreover, since the sequence

{/_LLf(t)l” dt}

is monotonically increasing, the convergence in (3) is effective
[28, p. 20, Corollary 2a]. Thus, we have an algorithmic
description of the time concentration behavior.

LeN

VII. COMPLETE CHARACTERIZATION OF LOCALLY
COMPUTABLE SIGNALS

Although the approach taken in Definition 10 is reason-
able from an application’s perspective, several mathematical
problems arise. For example, the Shannon sampling series at
Nyquist rate does in general not provide a stable approxima-
tion process with norm convergence for signals f € BL or
[ € B [40]. Further, for B2, there exists no stable linear
approximation process that uses only the samples {f(k)}rez
for the approximation [41]. Moreover, focusing on the local
signal behavior in the definition of a computable bandlimited
signal may be closer to practical applications, where we
often have only a local description of the signals. Hence, we
introduce a second very natural definition of a computable
bandlimited signal.

The main result of this section is to show that both defini-
tions, i.e. Definition 10 and the definition that will follow, are
equivalent for p € (1,00) NR,, and, therefore, describe the
same class of computable bandlimited signals.

In the next definition, the concentration of the signal in the
time domain is the central property.

Definition 11. We say that a signal f € B2, 0 > 0, p €
[1,00) N R, has an effectively computable continuous-time
concentration if

1) f is a computable continuous function, and

2) there exists a recursive function £: N — N such that for
all M € N we have

L
1
1 - [ sopa <5 @

for all L > ¢(M).
By CCB2, o > 0, p € [1,00)NR,, we denote the set of all sig-
nals f € B? that have an effectively computable continuous-
time concentration. For p = o0, i.e., signals f € Bgfo, we use
an analogous definition, where (4) is replaced by

1
1f 11852, ter[riaﬁ]lf( I < 5370
and denote the set of such functions by CCB;?O,

Remark 2. Condition 1 in this definition is reasonable, because
it ensures that ffL| f(@)|P dt is computable. Condition 2
implies that [, [f(¢)[ dt < 2=M for all L > ¢(M). As
discussed before, this is a measure for the time concentration
of f.

Remark 3. Condition 2 in Definition 11 implies that || f||zr €
R.: Since f is a computable continuous function, for p €
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[1,00)NR,, the sequence {ffﬂf(t)\p dt} ey is a computable
sequence of computable numbers that converges effectively to
IIf ||]Z;g' Hence, | f||sz is a computable number. The same is
true for p = oo with the usual modifications.

Definition 11, which employs the concept of a computable
continuous function and the effective approximation of the
norm, gives us more flexibility to represent a function f,
compared to Definition 10, where only finite Shannon sam-
pling series are allowed for the approximation. In particular,
the building blocks of the approximation do not have to be
in BE. This flexibility will be used in Section XII to study
oversampling.

According to Definition 11, a function f € CCBE is
described by two algorithms. The first computes for a given
input L € R, the representation of f on the interval [—L, L].
We denote this program by ®;. The second computes for
an input M € N the time concentration according to (4).
We denote this program by £. Hence, a signal f € CCBE
is completely described by the pair of programs (P, ).

The next theorem shows that the sets CCB2 and CB2
coincide for p € (1,00) NR,.

Theorem 1. Let p € (1,00)NR.. Then we have CBE = CCBE.

Theorem 1 gives us a simple characterization of CBE sig-
nals. Note that such a characterization is very useful, because
for a given signal f € BP it is sometimes difficult to check
whether f € CB2 or not, by using the definition of C3E.

Before we prove Theorem 1, we give a result for the cases
p =1 and p = oo which have been excluded in Theorem 1.

Theorem 2. For p = 1 and p = oo, we have CBL C CCBL
and CBY, C CCBLY, respectively.

Remark 4. Whether CBL is a proper subset of CCB. is an
open problem.

Proof of Theorem 1. We first show that CB2 D CCBP. Let
p € (1,00)NR, and f € CCBP be arbitrary. For N € N, we

consider
/ fr sm

The integral in (5) is computable for all ¢t € R, because f is a
computable continuous function on [—N, N| [28, Theorem 5,
p. 35]. For p € (1,00), Pn: LP(R) — LP(R) is a bounded
linear operator, and we have ||Px|lzrr)y—rr@®) < Ci(p),

where the constant C (p) is independent of N [42, p. 256]. It
follows that Fiy € LP(R). Let

gn(t) = {f(t)v lt| <N,

t—T))

Fn(t) = Ca(t—T1)

(Pxf)(t dr. (5)

0, [t| > N.

Since f is continuous on [—N, N], we see that gy € L'(R).
It follows that

1 [ .
Fy(t) = g/ an (w) ™ dw,

—T

according to the convolution theorem of the Fourier transform.
This shows that Fiy € B2.

Since f is a computable continuous function on [—N, N],
it follows that {Fn(k)}rez is a computable sequence of
computable numbers. For |¢{| > N 4+ 1 we have

N sin(w(t — 7))
|[Fn (2)] </ Lf(7)] (fT)‘ dr
< |t| — N/ )| dr. (6)
For M > N, let
M
B sin(w(t — k))
(SmFN)(t) = k;MFN(k’)W-

For M > N and K € N, we have
| SuarEw)e) -

MA+1<|k|[<M+K
N p 1

< </ |f(7)] d7'> Ca(p) Z =N
-N MA1<|k|<M+K

N P M+ K
—2 (/_le(T)I dr> Ca(p)

1
— 7
Z (k—N )p’ )
k=M+1
where we used the Plancherel-Pélya inequality [43, p. 152]
in the first inequality and (6) in the second. Further, we have

(SmEN) ()P dt

< Ca(p) [En (R)[P

M+K M+K—-N

1 1
Z (k—N) Z kP
k=M+1 k=M+1—-N
M+K-N ok M+K-N 4
< Z / —dr = / — dr
Py SN S M=N ™
1 1 B 1
Cp—1\(M-N)»1 (M+K-N)r-!
1
< . ®)

(p—1)(M — NP1
Combining (7) and (8), we obtain

| 1SuscFn)@) = SuFw)OF a

N ’ Ca(p)
< </N /o) dT) PRSI

for all M > N and K € N arbitrary. This shows that
{SmFn}ren is an effective Cauchy sequence that converges
to F in the LP-norm. Hence, the convergence is effective,

and it follows that Fy € CBE. Since f € CCBY C BE, w
have
sm sin(m(t — 7))
t d teR
s =wn= [ o™= e rer,
and consequently
sin(rw(t — 7))
o -rv= [ ™D ier
|T|>N 7T(t - T)

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Let
[t| < N,

[t| > N.

Oa
hav(e) = {f(t),

Then we have

If = Fnlsz = 1Phnllsp < Cr(p)lIhn (Bl

: :
= Ci(p) <||f||gﬁ - [ wrr dt) ,

where the content of the parenthesis in the last line converges
effectively to zero because f € CCBP. Thus, {Fy}nen
converges effectively to f in the B2-norm. This shows that
f € CBE, and consequently that CBZ D CCBE.

It remains to show that CBE C CCBE. Let p € [1,00) N
R. and f € CBE be arbitrary. Since f € CBZ, there exists
a computable sequence {fy}ncn of elementary computable
functions, such that

1
_ p < —
1 = fallss < 5

forall n € N. Let M € N be arbitrary. We choose nqy = M+1.

Since f,, is a finite Shannon sampling series, there exists a
recursive function £: N — N such that

’ 1
( / e dt) < s

for all N > &(M). Hence, for N € N, we have

. : :
o o)1)
_</ If(t)fnl(t)lpdt>p+</ Ifm(t)lpdt>p
[t|>N [t|>N
1 ) v
< o +< [ dt) .

Thus, for N > £(M), we obtain

A

1
N P
1 1 1
<”f”%ﬁ - /_Nwt)'p dt) S oare o T gan
and consequently

N
1 1
I = [ VOt i <55 O

which shows that item 2 of Definition 11 is satisfied. Further,
item 1 is satisfied, because f € CBE. Hence, we have shown
that f € CCBZ. Note that the previous calculation is valid
also for p = 1. Thus, we have CCBL D CB., which proves
the p = 1 case of Theorem 2. [

Proof of Theorem 2. The proof for p = 1 has already been
given in the proof of Theorem 1.

It remains to prove the case p = oo. Let f € CBZY. In
[44] it has been shown that if f € CB?TC,’O then there exists a

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

recursive function n: N — N such that for all M € N we

have 1
HOEE

for all £ € R with |¢t| > n(M). It follows for

NICNES
gL“)‘{a > L

that

1z, anax, O] dt] =17z, = ol

<7~ gelle = sup (D) < 37
[t|>L
for all L > n(M). Thus, item 2 of Definition 11 is satisfied.
Item 1 is satisfied, because f € CB;?‘”O. Hence, we have shown
that f € CCBZ, and consequently that CBYY, C CCB,. The
fact that CBZY, is a proper subset of CCBZY, will be proved in
Remark 6. O

As we have seen, there are different approaches to define
computable bandlimited signals. It is interesting to further
explore the similarities and differences of these definitions.
In particular, it would be desirable to identify a simple
approach that is well suited to verify computability in practical
applications.

Theorem 3. Let p € (1,00) NR.. Then we have f € CBE if
and only if

1) f e By,

2) f is a computable continuous function, and

For many practically relevant problems, we know that the
involved signals f € BP, p € (1l,00) N R., are com-
putable continuous functions. Hence, as soon as we know that
|l fllzz € Re, we can conclude that f € CBE.

Proof of Theorem 3. Let p € (1,00) N R.. “=": Let f €
CBP. Then there exists a computable sequence {f,}n,en Of
elementary computable functions such that

1
_ p < —
”f anl’j’,r = on

for all n € N. Since f,, is a finite Shannon sampling series,
we have || f,||zz € R.. Hence, it follows that

1
171z = Wfullsy] < 117 = allsz < 5

ie., ||f|lgz is the limit of a computable sequence of com-
putable numbers that converges effectively. This implies that
| fllgz € R [28, p. 20, Proposition 1]. Since f € CBE, f
is also a computable continuous function. This completes the
first part of the proof.

“<": Let f € BE be a computable continuous function with
| fllse € Re. For N € N, we set

N
Iy = / P
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{fnlnen, ) —»
TMTime

_»L

M —>

Fig. 4. Turing machine TMrjn that computes a time instant L such that the
signal f is essentially concentrated on the interval [—L, L].

(q)fz 5) —  TMcony

— ({fn}nen: )

Fig. 5. Turing machine TMcony that converts any representation (@, ) of
f € CCBE into a representation ({fn}nen, &) of a computable bandlimited
signal in CBE.

Since f is a computable continuous function, it follows that
{IN}nen is a monotonically increasing computable sequence
of computable numbers. Its limit || f||%;, is a computable num-
ber, because || f||zz € R.. Since a monotonically increasing
computable sequence of computable numbers that converges
to a computable number, converges effectively [28, p. 20,
Corollary 2a], we see that f € CCBE. From Theorem 1 it
follows that f € CB2. O

In the proof of Theorem 1, we have seen in (9) that the
time concentration can be algorithmically determined, i.e.,
computed on a Turing machine. In other words, there exists
a Turing machine TMrpe with inputs M € N and f € CBE,
where f is represented by the pair ({ f,, }nen, §), that computes
a time instant I € R, such that

L
1
11, = [ 170 at) < 557

This Turing machine is depicted in Fig. 4.

The proof of Theorem 1 gives us also the existence of
a Turing machine TMcony that takes a signal f € CCBE,
p € (1,00) NR,, represented by (P, &), and outputs a repre-
sentation ({fy }nen, &) of a computable bandlimited signal in
CBE.

The results of this section, in particular the theorems and
the existence of the Turing machines TMryme and TMcony,
show that, for p € (1,00) N R,, both approaches to define
computability for signals in B2 (Definitions 10 and 12 are)
valid and useful.

VIII. LocAL COMPUTABILITY AND THE
DISCRETE /P-NORM

Our goal in this section is to continue the analysis of the
time concentration behavior, only now in discrete time.

We first present an example which illustrates the difference
between time concentration in discrete time and continuous
time. Already very simple signals show that a good concen-
tration behavior in discrete time does not necessarily lead to a
good concentration in continuous time. Consider, for example,

the signal
sin(7t)

fi(t) =

7t

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

We have
1, k=0,

At =1, ke Z\ {0}.

This shows that f; has an excellent discrete-time concentration
behavior. The concentration can be measured for example in
the ¢-norm, which plays an important role in the theory of
BIBO stable LTI systems. However, we have f; ¢ BL, because
the concentration in continuous time is too weak for the signal
to be absolutely integrable.

For N € N, let

with

The signal gn has interesting properties. For any 6 > 0,
we can find an Ny € N such that |gn (k)| < § for all
k € 7Z and all N > Ng. On the other hand, we have
lgv(N +1/2)] = 1 for all N € N. Hence, for N large
enough, the signal values of gy in discrete time can be made
arbitrarily small, whereas in continuous time this is not the
case. It is interesting to note that this phenomenon implies
that we cannot always algorithmically compute the continuous-
time concentration from the discrete-time signal behavior, as
we will see.

Definition 12. We say that a signal f € B, p € [1,00) N R,
has an effectively computable discrete-time concentration if
1) f is a computable continuous function, and
2) there exists a recursive function £: N — N such that for
all M € N we have

N
10l = Y 0P| <5 G0
k=—N
for all N > &(M).

By DCB2, p € [1,00) NR,, we denote the set of all signals
f € BP that have an effectively computable discrete-time
concentration. For p = oo, i.e., signals f € B;fo, we use
an analogous definition, where (10) is replaced by

1
- — <
I flzlle rgleaglf(k)l <35

oM’
|k|<N
and denote the set of such functions by DCB,.

Remark 5. Condition 2 in Definition 12 implies that || f|z || €
R.: Since f is a computable continuous function, for p €
[1,00) N R, the sequence {Z£:7L|f(k)\p dt}ren is a
computable sequence of computable numbers that converges
effectively to || f|z||},. Hence, || f|z]l¢» is a computable num-
ber. The same is true for p = oo with the usual modifications.

In Theorem 1 we provided, for p € (1,00) N R,, a
characterization of computable bandlimited signals using the
continuous-time concentration behavior. In the next theorem
we give the analogous result for the discrete-time concentra-
tion behavior.
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Theorem 4. Let p € (1,00)NR,. Then we have CBE = DCBE.

Proof. We first show that CB2 C DCBE. Let p € (1,00) "R,
and f € CBP be arbitrary. Then f is a computable continuous
function according to Remark 1. Further, let

Zf

k=—N

sm —k))

) b
then {Snf}nen converges effectively to f in the BZ-norm
[35, Theorem 2]. We have

N
SR =D If (k)P

k=—N \k|>N

Z|f

— (SN (k)P
k=—o0

< (4TI~ Sn Sl

where we used Nikol’skii’s inequality [37, p. 49] in the last
inequality. This shows that item 2 of Definition 12 is satisfied.

We now show that CBE D DCBE. Let p € (1,00) "R, and
f € DCBE be arbitrary. Since f is a computable continuous
function, it follows from the definition that {f(k)}rez is a
computable sequence of computable numbers, and, as a con-
sequence, {Sn [} nven is a computable sequence of elementary
computable functions in B2. Further, we have

(Snf)(t

I1f 1212 —

oo

b < Co(p) D |f(k) -

k=—o0

p) Y IfR)IP

|k|>N

N
= Ca(p) (IIfIzZ - If(k)”> ;
k=—N

where we used the Plancherel-Pélya inequality [43, p. 152]
in the first inequality. Thus, {Sn f} nen converges effectively
to f in the B2-norm, which implies that f € CBE. O

If = SN/l (Sn )R

Combining Theorems 1 and 4 immediately gives the next
corollary.

Corollary 1. Ler p € (1,
CCBL.

00) NR.. Then we have DCBE =

Corollary 1 couples the discrete-time behavior with the
continuous-time behavior of the signal. Theorem 4 and Corol-
lary 1 show that, for p € (1,00) NR,, Definitions 10, 11, and
12 all lead to the same set of computable bandlimited signals.
For p = 1 and p = oo this is no longer the case. Hence, for
the practical relevant spaces Bl and B7r 0, We can, in general,
not infer the computability of the continuous-time signal from
a good computability behavior of the discrete-time signal.

Theorem 5. We have CB). C DCB,, and CBy%, C DCBY,.

Proof. The fact that CBL C DCBL is a direct consequence of
[35, Corollary 1].

Next, we prove that CBYY, C DCBC,. For the proof we
employ the same function f3 that was used in the proof of
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Corollary 2 in [44]. We review its construction. For n € N,
let

2n :
B sin(r(t — k))
gn(t) = ]§<—1>’“W7
and
1 2n 1
C(n) = ga(2n+1/2) = ;}m

Further, let A C N be an arbitrary recursively enumerable
non-recursive set, and ¢ 4: N — A a recursive enumeration
of A, where ¢ 4 is a bijection. Then f3 is defined as

fs(t) = ; 26400 C(n)

where {N, }nen is a strictly monotonically increasing com-
putable sequence of even numbers. We can assume that N,, >
n2. For more details about the construction of {Ny }nen, see
[44]. Note that f3 € B2, and f3|z € Cco, according to [44,
Corollary 2].

In [44, Remark 6] it was shown that f3 & CB2%). We will
prove next that f € DCBZY,, by verifying that items 1 and 2
of Definition 12 are satisfied.

We start with item 1, i.e., we prove that f3 is a computable
continuous function on R. To this end, we will check that f3
satisfies all conditions of Definition 8. Forn > 2 and t < —n
we have

N
3
N
3

lgn(t)] <

%H

1 1 1
< =
|t — K| _ﬂzn—k‘

k=0

k 2n
1 1 1
/ def/ dr
o k1 nN+T ™)1 n+T
1
log< 5n >§log(6).
0

™ n—1
Let L € N, L > 2 be arbitrary. For n > L and ¢t € [—L, L]
we have

t—N,<L-N,<n-—

k=0

3

[~}
S

AN
e N

N, <n—-n%< —n,

and consequently

1
[9a(t = No)| < Tog(6).

Let

222040 C(n)

It follows that

oo

[f3(t) — gm(t)] < Z M|gn(t—]\fn)

n=m-+1
[eS)
1

1
+1

1 log(6) = 1
1 log(6)
T C(m+1)
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p€ (1,00) NRe
CcBE =DCBE = ccBE

p=1

CBL C ccBL
CBL ¢ DCBL
Thm. 2, 5

p=00

CB) € CCBY,

=

B, C DCB,

=

Thm. 2, 5

Thm. 1, 4, and Cor. 1

Fig. 6. Summary of the main findings of Sections VII and VIIIL.

for all ¢ € [-L,L] and m > L. Hence, we see that the
computable sequence {q,}men converges effectively to f3
on [—L, L]. In our calculation, the convergence speed depends
recursively on L. Since gy, is a finite sum of sinc functions
with computable coefficients, we can approximate each g, on
the interval [—L, L] by the Taylor polynomial @,  of g,
with sufficiently high degree, such that

4n) ~ Qo ()] < o

for all t € [-L, L]. Note that {Q,, 1} is a commutable double
sequence of polynomials. We have

|f3(t) - Qm,L(t)l < |f3(t) - Qm(t)‘ + |qm(t) - Qm,L(t)‘
1 log(6) 1 2 1

7Cm+1) 2m S Cmy1) om

forall t € [-L, L]. Thus, f3 is a computable continuous func-
tion according to Definition 8. Hence, item 1 of Definition 12
is satisfied.

Since f3|z € Cc, it follows that || f3|z|/¢= is a computable
number. Further, {max y <n|f3(k)|}nen is a monotonically
increasing sequence of computable numbers. Hence, according
to [28, p. 20, Corollary 2a], the convergence of

| f3lzlle=e — IkHEaZX | f3(F)]
[k|I<N

is effective, and item 2 of Definition 12 is satisfied. O

We summarize some of the main findings of Sections VII
and VIII in Fig. 6.

IX. COMPUTABILITY OF THE NORM

In Remarks 3 and 5 we have seen that the computability
of the norms || f||zz and || f|z||¢» is of high relevance. In this
section we further discuss the computability of these norms.

1) For every f € B2, p € [1,00) N R, that is additionally
a computable continuous function, we have f € CCB? if
and only if || f||sr € R.. That is, for all functions f € B2,
p € [1,00) NR,, that satisfy condition 1 in Definition 11,
condition 2 in Definition 11 is equivalent to || f|| gz € R..
The “=" direction of this equivalence was discussed in
Remark 3 and the “<” direction was treated in [35].

2) For every f € B, that is additionally a computable
continuous function, we have lim¢ 00| f(t)| = 0. Hence,
there exists a natural number No such that || f|g=, =
max|;<n,|f(t)], and, consequently, we have || f||s, €
R, [28, p. 40, Theorem 7]. This shows that, for p = oo,
condition 2 in Definition 11 is expendable.
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3) The statement of item 1 in this list is also true for
Definition 12: For all functions f € B2, p € [1,00) NR,,
that satisfy condition 1 in Definition 12, condition 2 in
Definition 12 is equivalent to || f|z||¢e» € Re.

4) The statement of item 2 in this list is also true for
Definition 12. That is, for p = oo, condition 2 in
Definition 12 is expendable.

Regarding the condition | f|zz € R., we see a very
interesting difference between p € [1,00) "R, and p = oc.
For computable continuous functions f € B2, we always
have || f||s=, € Re. In contrast, for p € [1,00) N R, as it
will become clear from the proof of Theorem 6, there exist
computable continuous functions f € B2 for which we have

1fllsz & Re.

Remark 6. Items 1 and 4 imply that DCBZ, = CCBZY,. From
Theorem 5 we know that CBY, C DCBZ,. Hence, we also
have CB7, C CCBTY.

Items 2 and 4 in the above discussion can, in general, not
be exploited for solving practical problems algorithmically.
Consider, for example, the problem of computing the peak
value of computable continuous signals in B5%,. We can ask:
Does there exist a Turing machine that for every input f €
B2, described as a computable continuous function, is able
to compute | f|| Bx,? In [44] it has been shown that such a
Turing machine does not exist.

X. COMPILER PROBLEM

In this section we come back to the problem of automati-
cally converting one signal representation into another.

Let f € DCBY, and assume that we have a representation
of f according to Definition 12, i.e., we have an algorithm that
computes the values of f as a computable continuous function
and an algorithm that describes the discrete-time concentration
of f on Z, as in condition 2 in Definition 12. The goal is
to algorithmically compute the continuous-time concentration
behavior of f on R in the sense of condition 2 in Definition 11.
In general, this is not possible. That is, there exists no Turing
machine that performs this computation for arbitrary inputs
J € DCBY, [44].

Clearly, for every f € DCB, there exists a recursive
function ¢ that describes the concentration behavior according
to condition 2 in Definition 11. However, there exists no
Turing machine that always can compute this function from a
representation of f according to Definition 12.

On the positive side, as we have shown, for f € DCB?,
p € (1,00) NR,, and in particular for computable bandlimited
signals with finite energy, this conversion can always be
performed algorithmically.

Assume that we have a computable continuous function f.
As we have seen, if f € B2, p € (1,00) N R, then we
can without problems switch between computability on R and
computability on Z. In contrast, for 5%, this is not possible,
although a computability representation on 7Z contains all
information about the signal, as we will discuss next. For every
I € CB,, there exists a Turing machine TMy 7 that for every
input k € Z computes f(k) = TMy z(k). That is, there exists
a Turing machine that for all inputs (k, M) € N? computes
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a rational number 7,7, such that |f(k) — rax] < 27M
Further, the signal f is uniquely determined by the samples
{f(k)}kez, ie., f € BX, with f(k) = 0 for all k € Z,
implies f(¢) = 0 for all ¢ € R. Hence, the above description of
the signal contains all information about the signal. However,
from this complete information, we cannot always compute a
description of the continuous time behavior as in condition 2
in Definition 11.

XI. A FURTHER POSSIBILITY TO DEFINE LOCALLY
COMPUTABLE BANDLIMITED SIGNALS

In [44] a further definition for a locally computable ban-
dlimited signal in B2, was given. This definition is easily
generalized to signals f € BE, p € [1,00) NR,.

Definition 13. We call a signal f € B2, p € [1,00) N R,,
locally computable, if there exist a computable double se-
quence of computable continuous functions {f, 1 }nen Len
and a recursive function £: N x N — N such that, for all
M,L € N, we have

/LLf(t) -

for all n > &(M, L). The set of all locally computable signals
in BE is denoted by LCBY. For f € B, we replace the
condition (11) by

max | f(t) -

te[—L,L]

1
.fn,L(t)|p dt S W (11)

1
fn,L(t)| S W?

and denote the set of all locally computable signals in B2,
by LCB,

We have CB2 C LCBE, p €
LCBY, i.e, local computability in B2, (Definition 13) is a
weaker requirement than computability in B2, (Definition 10).
In Definition 13 we allow general computable continuous
functions for the approximation, in particular, we do not
require that these functions are in B or BSS,. Further, we do
not demand an effective control of the approx1mat10r1 behavior
globally, but only locally on compact intervals.

Theorem 6. Let p € (1,00)NR... Then we have CBE. C LCBE.
Further, we have CBSr?O - ﬁCB?T‘fO

(1,00) N R, and CBY, <

Remark 7. Theorem 6 shows that the requirements of Defini-
tion 13 are too weak in order to obtain a characterization of the
space CBE. Although the requirements of Definition 13 allow
us to effectively control the local approximation behavior, we
have no control of ﬁt‘>L|f(t)|p dt that is effective in L.

Proof of Theorem 6. Let p € (1,00) NR,. Further, let A C N
be a recursively enumerable non-recursive set, and ¢ 4: N —
A a recursive enumeration of 4, where ¢ 4 is a bijection. For
n € N, We consider the functions
n .
1 sin(n(t —1))
fnt) = lz_; 264070 (i —1)

{fn}nen is a computable sequence of computable continuous
functions. Further, let

1
ft) = lz_; 2962(/p

sin(r(t — 1))
m(t—1)
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Since
1f = fallle < Calp) D [f(k) = fulR)PP
k=—00
o0 1 ;
202(]7)( > 2¢A(k)> 7
k=n+1

where we used the Plancherel-Pélya inequality [43, p. 152]
in the first inequality, we see that

lim [|f — fullgz =0,
n— 00

i.e., {fn}nen converges to f in the B2-norm. Let L € N be
arbitrary. Then, for ¢ € [—L, L] and n > L, we have, for ¢
satisfying 1/p+ 1/g = 1 that

B 0 1 sin(w(t — l))
HORFACIES DY 20a0/p (t—
l=n+1
1
= ( 2¢A(l ) 7T‘1tl|q> .
l=n+1
Since 0o
1
> 5w <
1=1
and
0o 1 é > 1 %
JE— < —
(2 ) —<Z frq@—mq)
l=n+1 +1

| —

o 7
= — — —d
l=n+1—L l=n+1-L

1 </°° 1 )3 1
= - —dr = 1 15
T \Jp—r T m(g—1)a(n—L)»

it follows that

[F(t) =

fnt S 1 1
PR

for all t € [-L, L] and n > L. Hence, we have

L
[ 150 - @l ar <2z max (50 - 1,0
_L te[—L,L]
2L
1 1
m(g—1)z(n—L)»
for all n > L, which shows that { f,, },,en converges effectively

to f on [—L, L] in the LP-norm. Hence, we see that f € LCBE.
Since

<

o0

1
Z 26.4(1) ZRe

=1
according to [28, p. 20, Corollary 2b], we have

o0

1
P __ P
Iflzllee = ; 2¢.4(l) 7 Re

Further, for k € 7Z, we have

Flk) = 2= ta®k)/p > 1,
o0 k<0,
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which implies that f|z is a computable sequence of com-
putable numbers. Finally, Theorem 5 in [35] implies that
f & cBe.

The statement CBZ%, C LCBY, is obvious since the
requirements in the definition of LCBZY, are weaker than in
the definition of CBY,. O

XII. OVERSAMPLING

As discussed in Section VII, Definition 11 of the spaces
CCBE, p € [1,00) NR,, and CCBY, gives us much freedom
in the choice of the approximation process. This allows us
to connect these spaces with the oversampling behavior of
signals in BP. In the case of oversampling, we can use more
general kernels for the approximation, which in turn enables
us to algorithmically control the convergence speed.

We will use Theorem 1 to study the behavior of signals in
CBE when oversampling is employed, and see that the space
CCB? plays an important role in this analysis. This is a further
example that illustrates the usefulness of different definitions
and characterizations of computable bandlimited signals.

Theorem 7. Let f € B2, p € (1,00) NR,. Then we have
f € CBE if and only if there exists an & > 1, & € R, such
that f € CBE .

Proof. Let f € B2, p € (1,00) NR.. “<" Let a > 1,
a € R, be such that f € CBY . According to Theorem 1,
we have f € CCBgTr. Hence, due to Definition 11, f is a
computable continuous function, and there exists a recursive
function ¢: N — N such that for all M € N we have

< o7 (12)

L
|f||§;gﬂ —[L|f(t)\p dt

for all L > §(M). Since || f|lzr = ||f|lgz, (12) is also true
if the B2 _-norm is replaced with the BP-norm. This in turn
implies that f € CCBE. Using Theorem 1 again, we see that
feCBE “=": Let f € CB2. According to Theorem 1, we
have f € CCBE. Using the same arguments as in the first part
of the proof, we see that f € CCB?_ for all a > 1, a € R..
Using Theorem 1 again, it follows that f € CB? . O

Remark 8. The proof of Theorem 7 shows for f € B2, p €
(1,00) N R, that if f € CBY_ for some a > 1, @ € R, then
we have f € CB? _foralla > 1, a € R..

In the proof of Theorem 7 we also have implicitly proved
the following result, which is the statement of Theorem 7 for

ceBe.

Theorem 8. Let f € B2, p € (1,00) N R.. Then we have
f € CCB? if and only if there exists an 4 > 1, a € R, such
that f € CCBY,.

For CCB2, p € (1,00) NR,, we have no difference between
oversampling and non-oversampling, which is expected since
a > 1 plays no role in the definition.

For the cases p = 1 and p = oo, we have the next two
observations, which follow directly from the definitions of
CCB,, and CCBgY,.
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Observation 1. If f € Bl and f € CCB., for some a > 1,
a € R, then we have f € CCBL.

Observation 2. If f € B, and f € CCBg;,

a0 Jor some a > 1,
a € R, then we have [ € CCBY,.

The goal of the rest of this section is to analyze whether,
for a > 1, a € R., we can couple the behavior of f € CBE
with the behavior of f|z/,.

Theorem 9. Let f € BE, p € [1,00) NR,. Then for a > 1,
a € R, the following two statements are equivalent:
1) We have f € CBE .
2) flzja = {f(k/a)}rez is a computable sequence of
computable numbers and || f|z/q e € Re.

For the case p = oo, we have a similar result.

Theorem 10. Ler f € 32‘7’0. Then for a > 1, a € R, the
following statements are equivalent:
1) We have f € CB.3 .
2) flzja = {f(k/a)}rez is a computable sequence of
computable numbers and f|z,, € Cco.

In Theorem 9, we have in item 2 the requirement that
| flz/aller € Re. This is a weak requirement compared to
item 2 in Theorem 10, where, for p = oo, we require that
flza € Cco. Note that f|z,, € Cco implies || f|z/q|le~ € Re.
However, for « € ¢g with ||z]¢~ € R, we do not necessarily
have x € Ccp.

If © € ¢p and © = {x(k)}rez is a computable sequence of
computable numbers, we immediately see that ||z|/~ € R,.
Since lim|g|—o|®(k)| = 0, there exists a natural number
k such that maxgez|z(k)] = |z(k)|, and clearly we have
|z(k)| € R,, because {x(k)}rez is a computable sequence
of computable numbers. However, using the techniques from
[44], it is possible to construct an z, € c¢p such that
2y = {x«(k)}rez is a computable sequence of computable
numbers, but we have x, & Ccy. We will use the same line of
arguments in the proof of Theorem 11.

Proof of Theorem 9. Let f € B2, p € [1,00)NR,, and a > 1,
a € R..

We start with the case p € (1,00) NR,. Since f € B2, we
also have f € B?_, and the statement of the theorem follows
directly from [35, Theorem 5].

It remains to prove the case p = 1. “=": Let f € CB. .
We will show that statement 2) is true. Since f € CB._,

there exists a computable sequence {f,}nen Of elementary
computable functions in B., with

1
_ <
||f fn“B(l” = 9n

for all n € N. As an elementary computable function in B
fn has the form

13)

1

aT?

M, . k
sin (am(t — £))
n(t) = Cpp——————— 2% 14
() k:;{ K e = ) (14)
Since
e’} M.
k n
Z fn <a>‘ = Z |Cn,k 5
k=—o00 k=—M,
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according to (14), we see that

(Sl

k=—o0
is a computable sequence of computable numbers. Further, we
have

> |r(4)| < s, < a3
k=—o0

where we used Nikol’skii’s inequality [37, p. 49] in the first in-
equality. Using the triangle inequality, Nikol’skii’s inequality,

and (13), we obtain
\f( |- 3 ] ()]

k=—o0 k=00
> o (5) - ()\
k=—0c0 ¢
s@@W—nM;S%W’

which shows that the convergence is effective. It follows that

> (2

is a computable real number. Further, since f € CB._,
{f(k/a)}kez is a computable sequence of computable num-
bers. This completes the “=-"" direction of the proof.

“e" Let f € BL and a > 1, a € R, be such that
{f(k/a)}rez is a computable sequence of computable num-
bers and || f|z/4/|¢+ € Re. Further, let x € CB;,. be defined in
the frequency domain by

k=—o0

I, w| <,
flw) = ¢ L < |w] < ar, (16)
0, |w| > am.
Then we have
> k k
> f<>/<;<t—), teR, (17
a a

k=—o00

and the series in (17) converges absolutely. According to our
assumption, we have ||f|z/qllr € R.. Thus, it follows that
there exists a recursive function 7 such that for all M € N we

have )
S Jr(5)] <o
|k|>N

for all N > n(M). Let M € N be arbitrary but fixed, and let

:kﬁ_:NfC;)m(t—z), teR.

Since {f(k/a)}rez is a computable sequence of computable
numbers, and fy is the finite sum of functions, each of which
can be effectively approximated by elementary computable
functions in B._, it follows that fy € CB._, and consequently

aT?

(18)

aT?
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that { fx } yen is a computable sequence of computable func-
tions in CB.,_. Since we have

F = In =) f (S) " (t - IZ)

|k|>N
for all £t € R and NV € N. It follows that

Zh(E)-»6)
<2 ()G
= [ Z G

inequality [37, p. 49], we obtain

l=—0o0

and, using Nikol’skil’s

;Jf( > (i)‘ <at+ e 32 f(i)‘

19)

Because of (18), the right-hand side of (19) converges effec-
tively to zero. According to [45, p. 182, Theorem 17], we

have
/M“WMSCMZMV(>

and it follows that

J 10~ st < o X [ ()]

|k|>N
Hence, f is the effective limit in the B._-norm of {fn}nen,
which is a computable sequence of computable functions in
CB!,_. This implies that f € CB. . O

Proof of Theorem 10. Let f € B, and a > 1, a € R.. “="
Let f € CBg;, o Then we have f|z/, € Cco. “<=": Let flz/, €
Ccp. We use the same approach as in the proof of Theorem 9.
Let k be as defined in (16) and

N
t):kZNf@)n(t—z), teR.

Since {f(k/a)}rez is a computable sequence of computable
numbers, and fy is the finite sum of functions, each of which
can be effectively approximated by elementary computable
functions in CBg5., it follows that fy € CB2.. We have

ar?

Z f(i)m(t—];), t e R,

k=—o0

and consequently

HORNNGIESY

>

k=—o0

(-2

a(1+m)|xl,
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where we used Nikol’skii’s inequality [37, p. 49] in the last
inequality. Since the right-hand side does not depend on ¢, we

obtain
f ( k )
a

Since f|z/, € Cco, there exists a recursive function 1 such
that for all M € N we have

(5)

for all N > n(M). Hence, we see that || f — fi|loo converges
effectively to zero. This shows that f € CBS O

am,0°

If = filloe < max

a(l+ 7)||k]1.
max (14 )l

1

max =~ W

|k|>N

We will show next that item 2 in Theorem 10 cannot be
weakened. Here we indeed need the condition f|z,, € Cco,
the weaker condition || f|z/4|/¢=~ € R, is not sufficient.

Theorem 11. There exists a signal f € B, such that,
for some a > 1, a € R, we have that flz,, =
{f(k/a)}kez is a computable sequence of computable num-
bers and | f|z)alle~ € Re, but there exists no a > 1, a € R,
such that f € CBX

am,0*

Proof. We use the same function f3 as in proof of Theorem 5.
For this function we have f3 € B, || /3]l € Rc, and f3 is a
computable continuous function on R. Thus, since {k/a}iez,
a > 1, a € R, is a computable sequence of computable
numbers and f5 is a computable continuous function, it follows
that {f3(k/a)}rez is a computable sequence of computable

numbers. Further, since
k
a

there exists a natural number & such that

OO
fg(i) eR.,

because {fs3(k/a)}rez is a computable sequence of com-
putable numbers. Hence, wee see that || f|7/q[le~ € R..

The rest of the proof is done indirectly. We assume that
there exists an a > 1, a € R, such that f3 € ng’w, and show
that this assumption leads to a contradiction. Since f3 € Bg3 o,
there exists a recursive function 7: N — N such that for all
M € N, we have |f3(t)] < 27M for all |¢t| > n(M). This
follows from a straight forward adaption of [44, Theorem 6] to
signals with arbitrary bandwidth. However, in [44, Corollary 2]
it was proved for f3 that such a recursive function 7 cannot
exist. O

lim
|k|—o0

max
kEZ

)

and clearly we have

The proof of Theorem 10 immediately leads to the following
theorem.

Theorem 12. Let f € CCBZ,. Then we have f € CBg3  for
all a > 1, a € R..

Proof. Let f € CCBY, and a > 1, a € R, be arbitrary. Then
we have f|z,, € Cco. The rest of the proof is done exactly
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along the same steps as in the “<=” direction of the proof of
Theorem 10. O

Combining several of our previous results, we obtain the
following corollary about CBZ%, and oversampling.

Corollary 2. Let f € BX. If f € CBg;,

am.0 Jor some a > 1,
a € R, then we have [ € CBg;  for all a > 1, a € R..

Corollary 2 is essentially the statement of Remark 8 for
p = oo. Note that in Corollary 2 we can only conclude that
J € CBg;  for all a that are strictly larger than one. This is
in contrast to Remark 8.

Proof of Corollary 2. Let f € BY, and f € CBZ;  for some
a > 1, a € R.. Then we have f € CCB;;;O, according to
Theorem 2. Further, Observation 2 implies that f € CCBZY,.

Application of Theorem 12 completes the proof. O

XIII. CONCLUSION AND OPEN PROBLEMS

Bandlimited signals and systems are important in signal
processing and system theory, because they provide a founda-
tion for the transition between discrete-time and continuous-
time signals and systems, and hence are essential for today’s
digital world. For the practical conversion of the discrete-time
signal into the continuous-time signal it is necessary that the
involved approximations and reconstructions can be performed
effectively with an algorithmic control of the error.

Bandlimited signals and the impulse responses of bandlim-
ited systems have the feature to be unlimited in time. In
the present paper we developed a theory for the effective,
i.e., algorithmic characterization of the time concentration
behavior of bandlimited signals and systems. For the range
p € (1,00) NR,, which covers the practically relevant signals
with finite energy, we could obtain a complete characterization.
For p = 1 and p = oo, however, it is no longer that simple.
As discussed in Section II, both cases are important in system
theory. Hence, we believe the following list of open problems
is relevant.

Q1) Does there exist a signal f € BL such that f € CB_ for
some a > 1, a € R, and f ¢ CBL?

Q2) Does there exist a signal f € B, such that f € CBg;
for some a > 1, a € R, and f & CB;‘,’O?

Q3) Does there exist a signal f € Bl such that f € CCBL
and f ¢ CBL?

Although the answers to these questions are open, we can

establish a connection between question Q1) and question Q3):

If the answer to question Q1) is positive, then the answer to

question Q3) is positive.

Corollary 2 shows that question Q2) is equivalent to the
question: Does there exist a signal f € B, such that f €
Csz)fr,o forall a > 1, a € R, and f & CBS&)? There are
properties of signals in B2, that suggest that the answer to
this question, and hence to question Q2), is “yes”.

Questions of computational complexity are not treated in
the present paper. For example, different representations of
computable bandlimited signals could lead to different com-
plexities for their computation. In [46] it has been shown that
even simple analog systems can lead to a complexity blowup,
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where, for a polynomial complexity input signal, the output
signal has a high complexity. It would be interesting to study
similar questions for the different representations that we have
seen in this paper.

APPENDIX

Proof of Remark 1. We start with the case p € [1,00) N R,,
and show that if f € CB2, p € [1,00) NR,, then we also have
that f: R — R is a computable continuous function according
to Definition 7.

Let p € [1,00) N R, and f € CBE be arbitrary. Then
there exists a computable sequence {f,}nen Of elementary
computable functions in B% such that ||f — f,||zgz < 27" for
all n € N. Let {t,, }nen be an arbitrary computable sequence
of computable numbers. Since

/ fr Sm((t—T))dT’

t e R,
t—7)

for all f € B2, it follows that

()~ fult)] < ( / Z|f<7> -
y (/OO sin(r(t — 7))

w(t—17)

for all t € R, where ¢, satisfying 1/¢ + 1/p =
conjugate index of p. Further, since

= |sin(r(t =) |" T ([ |sin(xr)
5=t e) = (L

m(t—7)

we see that
ot — ) |9 1
sin(w(t — 7)) d7'>

o= (/[5G

is a computable constant. For p = 1 we have to choose ¢ =
oo and the L%-norms in the above expressions are replaced
by the L>®-norm. For k¥ € N and n € N, ¢, = fu(tr)
defines a computable double sequence of computable numbers,
because every elementary computable function is a computable
continuous function [28, p. 27]. Further, according to the above
calculation, we have

| f(tr) —

This shows that {f(tx)}ren is a computable sequence of
computable numbers [28, p. 20, Proposition 1]. This proves
condition 1 of Definition 7.

Next, we prove condition 2. According to Bernstein’s in-
equality [37, Theorem 6.7, p. 49], we have || f’||zz < 7| f||52.
Further, we have || f||gz < ||fillsz + 1/2. Hence, it follows
that

Fulr)P dT) " x

q 7
dT)

1, is the

q 7
dT) ,

*05( )-

1
1702 < (Uil + 3 )

and consequently that

01 < Cotorm (Illes + 5 )
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for all ¢ € R. The mean value theorem gives
[f(t) = f(t2)l = F'(7)] - [t2 — 2o
1
< Cs(g)m <||f1||Bi’} + 2> t1 — ta].

Let k € N be such that

Cotam (Iille + 5 ) <2

Let M € N be arbitrary. Then, for all ¢1,to with [t; —t5] <
1/28+M "we have | f(t1) — f(t2)| < 1/2M. That is, condition
2 of Definition 7, even independently of L.
For p = oo, i.e., f € CBY, we use the inequality |f(t) —
fa@®)] < |If — fn||33ro, which holds for all ¢ € R. The rest
of the proof is done analogously to the proof of the case p €
[1,00) NR.. O
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