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Abstract

A method for constructing non-uniform filter banks is presented. Starting from a uni-
form system of translates, generated by a prototype filter, a non-uniform covering of
the frequency axis is obtained by composition with a warping function. The warping
function is a C!-diffeomorphism that determines the frequency progression and can
be chosen freely, apart from minor technical restrictions. The resulting functions are
interpreted as filter frequency responses. Combined with appropriately chosen dec-
imation factors, a non-uniform analysis filter bank is obtained. Classical Gabor and
wavelet filter banks are special cases of the proposed construction. Beyond the state-
of-the-art, we construct a filter bank adapted to a frequency scale derived from human
auditory perception and families of filter banks that can be interpreted as an interpo-
lation between linear (Gabor) and logarithmic (wavelet) frequency scales. We derive
straightforward conditions on the prototype filter decay and the decimation factors,
such that the resulting warped filter bank forms a frame. In particular, a simple and
constructive method for obtaining tight frames with bandlimited filters is derived by
invoking previous results on generalized shift-invariant systems.
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1 Introduction

In this contribution, we introduce a class of non-uniform time-frequency systems
optimally adapted to non-linear frequency scales. The central paradigm of our con-
struction, and what distinguishes it from previous approaches, is to provide uniform
frequency resolution on the target frequency scale. Invertible time-frequency systems
are of particular importance, since they allow for stable recovery of signals from the
time-frequency representation coefficients. Therefore, we also derive necessary and
sufficient conditions for the resulting systems to form a frame.

To demonstrate the flexibility and importance of our construction, illustrative exam-
ples recreating (or imitating) classical time-frequency representations such as Gabor
[30,31,33,35], wavelet [16,49] or «-transforms [13,32,52] are provided. While this
paper considers the setting of (discrete) Hilbert space frames, the properties of contin-
uous warped time-frequency systems are investigated in the related contribution [43].
Whenever a time-frequency filter bank adapted to a given frequency progression and
with linear time-progression in each channel is desired, we believe that the proposed
warped filter banks provide the right framework for its design.

Generalized shift-invariant (GSI) systems [3,11,38,44,63] over L2 (R) are families
(@m.n)m.nez With gm.n = &m(- — nay), for filters (gm)mez C L?(R) and decimation
factors (a,;)mez C RT. In the proposed method, GSI systems are constructed from a
prototype frequency response 6 via composition with a warping function ® that spec-
ifies the desired frequency scale/progression. Applying the inverse Fourier transform
F~!, weobtain g, = F~1(8(-—m) o ®) up to normalization. To highlight the relation
of the resulting warped time-frequency systems to non-uniform filter banks, we use
terminology from filter bank theory and refer to GSI systems as filter banks.

Contribution. We connect the frame theory of abstract GSI systems with warped
filter banks. In particular, we use the structure of warped filter banks to show the
following:

(1) Under mild restrictions, warped filter banks satisfy the important local integrability

condition for GSI systems, see [11,38].

(i) The application of results from [11,40] provides intuitive necessary Bessel and
frame conditions for warped filter banks that are easy to verify.

(iii) If 0 is compactly supported and the decimation factors (a,,;)mez C R are small
enough, these necessary conditions are also sufficient, we are in the painless case
[3]. In this setting, the canonical dual of a warped filter bank frame is a warped
filter bank as well.

(iv) If 6 has sufficient decay, but not necessarily compact support, then there exist
decimation factors (a,)mez C R that yield warped filter bank frames. It is
discussed how the notion of sufficient decay depends on the warping function ®.

Most of the above results are made possible by choosing (a,;)mez C RT majorized
by a set of natural decimation factors. Natural decimation factors are obtained by
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observing that the bandwidth (or essential Fourier domain support) of the g, , is
intrinsically linked to the derivative of the warping function ®. For natural decimation
factors, the selection of a single parameter @ > 0 determines all decimation factors
an, in a way that respects the bandwidth of the warped filters. We further provide
examples for tight warped filter banks from compactly supported 6 and a construction
of discrete warped filter banks for digital signals in £%(Z). The latter is adapted from
[42], where warped filter banks for £2(Z) were first presented. For discrete warped filter
banks we experimentally verify that the frame bound ratio deteriorates slowly when
the decimation requirements of the painless case are violated. Our results indicate that
a frame bound ratio below 10 can be achieved with very little oversampling.

Adapted time-frequency systems. Time-frequency (or time-scale) representations
are an indispensable tool for signal analysis and processing. The most widely used
and most thoroughly explored such representations are certainly Gabor and wavelet
transforms and their variations, e.g. windowed modified cosine [60,61] or wavelet
packet [12,71] transforms. The aforementioned transforms unite two very important
properties: There are various, well-known necessary and/or sufficient conditions for
stable inversion from the transform coefficients, i.e., for the generating function system
to form a frame. In addition to the perfect reconstruction property, the frame property
ensures stability of the synthesis operation after coefficient modification, enabling
controlled time-frequency processing. Furthermore, efficient algorithms for the com-
putation of the transform coefficients and the synthesis operation exist for each of the
mentioned transforms [49,67].

While providing a sound and well-understood mathematical foundation, Gabor
and wavelet transforms are designed to follow two specified frequency scales: lin-
ear, respectively logarithmic. A wealth of approaches exists to soften this restriction,
e.g. decompositions using filter banks [6,14,15,69], for example based on perceptive
frequency scales [37,59,66]. Adaptation over time is considered in approaches such
as modulated lapped transforms [50], adapted local trigonometric transforms [70]
or (time-varying) wavelet packets [62]. Techniques that jointly offer flexible time-
frequency resolution and variable redundancy, the perfect reconstruction property and
efficient computation are scarce however. The setting of so-called nonstationary Gabor
transforms [3], a recent generalization of classical Gabor transforms, provides the
latter 2 properties while allowing for freely chosen time progression and varying reso-
lution. In this construction, the frequency scale is still linear, but the sampling density
may be changed over time. The properties of nonstationary Gabor systems have been
investigated in, e.g., [19,20,40]. When desiring increased flexibility along frequency,
generalized shift-invariant systems [8,9,11,38,63], or equivalently (non-uniform) fil-
ter banks [2], provide the analogous concept. They offer full flexibility in frequency,
with a linear time progression in each filter, but flexible sampling density across the
filters. Analogous, continuously indexed systems are considered in [44,65]. Indeed,
nonstationary Gabor systems are equivalent to filter banks via an application of the
(inverse) Fourier transform to the generating functions. Note that all the widely used
transforms mentioned in the previous paragraph can be interpreted as filter banks.

Adaptation to non-linear frequency scales through warping. There have been
previous attempts to construct adapted filter banks by frequency warping. In our
approach, a warping operator is simply a coordinate change and not unitary in general.
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In contrast, all previous methods consider unitary warping following the change of
variables formula for integration. Thus, they introduce an additional weight function
depending on ® and modify the filter values beyond a simple coordinate change.
Consequently, the properties of both types of warping, the resulting systems and the
challenges faced in their construction are quite different.

For example, Braccini and Oppenheim [57], as well as Twaroch and Hlawatsch
[68], propose a unitary warping of a system of translates, interpreted as filter frequency
responses. In [57] only spectral analysis is desired, while time-frequency distributions
are constructed in [68], without considering signal reconstruction.

The application of unitary warping to an entire Gabor or wavelet system has also
been investigated [4,5,24,25]. Although unitary transformation bequeaths basis (or
frame) properties to the warped atoms, the resulting system is not anymore a filter
bank. Instead, the warped system produces undesirable, dispersive time-shifts and the
resulting representation is not easily interpreted, see [24]. Only for the continuous
short-time Fourier transform, or under quite strict assumptions on a Gabor system, a
redressing procedure can be applied to recover a GSI system [22]. In all other cases, the
combination of unitary warping with redressing complicates the efficient, exact com-
putation of redressed warped Gabor frames, such that approximate implementations
are considered [23].

Finally, it should be noted that the idea of a (non-unitary) logarithmic warping of
the frequency axis to obtain wavelet systems from a system of translates was already
used in the proof of the so called painless conditions for wavelets systems [17]. Recent
parallel work by Christensen and Goh [10] focuses on exposing the duality between
Gabor and wavelet systems via the mentioned logarithmic warping. However, the idea
has never been relaxed to other frequency scales so far. In the present work, we generate
time-frequency transformations beyond wavelet and Gabor systems by allowing more
general warping functions. The proposed warping procedure has already proven useful
in the area of graph signal processing [64].

2 Preliminaries

We use the following normalization of the Fourier transform f &) = FfE =
fR f(t)e’szé dt,forall f € L! (R) and its unitary extension to LZ(R). The inverse
Fourier transform is denoted by f = F~! f. For an open interval D C R, typically
D = Ror D = R*, we use the convention that LZ(D) := {f € L*(R): f(z) = 0
for almost every t € R\ D}, such that the Fourier transform and its inverse restrict
naturally to L?(D). Following this convention, we denote by

FULA(D)) CLA(R)

the space of functions whose Fourier spectrum is restricted to D.

Further, we frequently use the translation operator defined by T, f = f(- — x),
for all f € L?(R), and the composition f o g := f(g(-)) of two functions f and g.
The standard Lebesgue measure is denoted by 1.
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When discussing the properties of the constructed function systems in the following
sections, we will repeatedly use the notions of weight functions and weighted L?-
spaces, 1 < p < oco. Weighted L.”-spaces are defined as

LP(R) :={f: R+ C: wf e LP(R)}.

with a continuous, positive function w : R — R called weight function. The associ-
ated norm is || f ”Lﬁ = ||lwf]lLr. In the following, when the term weight function is
used, continuity and positivity are always implied.

Two special classes of weight functions are of particular interest: Let v : R — R*
and w : R — R be continuous, positive weight functions. We call v : R — RT
submultiplicative and w : R — RT v-moderate respectively if they satisfy, for some
C >0,

v(x +y) < v(x)v(y), and w(x +y) < Cv(x)w(y), forallx,yecR. (1)

In particular, we can (and will) always choose v such that 1 is a valid choice for
the constant in the latter inequality (max{C, 1}v is submultiplicative whenever v is).
Submultiplicative and moderate weight functions play an important role in the theory
of function spaces, as they are closely related to the translation-invariance of the
corresponding weighted spaces [26,35], see also [36] for an in-depth analysis of weight
functions and their role in harmonic analysis.

A generalized shift-invariant (GSI) system on L2(R) is a union of shift-invariant
systems {T,q, b € L2(R): n € Z}, with h,, € L>(R) and a,, € R*, for all m in
some index set. The representation coefficients of a function f € L*(R) with respect
to the GSI system are given by the inner products

cr(n,m) = (. Tugy ) = (f % (=) (1),

for all n, m. Here, we denote by A, (—-) the map ¢ — h,,(—t). The above representa-
tion of the coefficients in terms of a convolution of f with the conjugate, time-inverse
of hy, alludes to the fact that ¢ ¢ (-, m) is a filtered, and sampled, version of f. This
relation justifies our use of filter bank terminology when discussing GSI systems.

Definition 2.1 Let (g),,c7 C L2(D) and (@m)mez, C RT. We call the system
(g,,l,,,)mwEZ . 8mpn i= T,lam]:fl(gm), foralln,m € Z, 2)

a (non-uniform) filter bank for F~'(L2(D)). The elements of (8m)mez and (am) ey,
are called frequency responses and decimation factors, respectively.

Such filter banks can be used to analyze signals in F~! (L2(D)) and, for a given
signal f € F~Y(L2(D)), we refer to the sequence cy = (cy(n,m))ymez =
((f, gm,n))m’nEZ as the filter bank (analysis) coefficients. A uniform filter bank is
a filter bank with a,, = a for all m € Z.
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For many applications it is of great importance that all the considered signals can
be reconstructed from these coefficients, in a stable fashion. It is a central observation
of frame theory that this is equivalent to the existence of constants ) < A < B < oo,
such that

AlLFI3 < lleflifage < BIFIE, forall f e F~HLA(D)). 3)

A system (gm n) that satisfies this condition is called filter bank frame [8,21]. A
(filter bank) frame 1s called tight if equality can be achieved in (3) and snug if B/A ~ 1

is possible. If at least the upper inequality in (3) is satisfied, then (gm,n)m 1cz 1saBessel
sequence. In that case, the frame operator is defined by

S: FTL LA (D)) - FL LA (D)),

Sf= > crlmn)gmn. forall f e F~'(L*(D)). 4

m,nez

It (gmn)m ez, is a frame, then the frame operator is invertible. It is the key component

in the construction of the canonical dual frame (m obtained by applying the

M) m,neZ’
inverse of the frame operator to the frame elements, i.e., gn., 1= S™'(gy.n), for all
m, n € Z.The canonical dual frame facilitates perfect reconstruction from the analysis
coefficients:

f=Y" crm.mgmn. forall f e 7~ L (D)). 5)

m,ne”z

Note that, in contrast to short-time Fourier or uniform filter bank frames, there is
no guarantee that the canonical dual frame, or indeed any dual frame, of a general
filter bank frame is of the form (Tyq,, F ' (§m))n.mez, for some (gm)mez C L2(D)
and the same sequence of decimation factors (a,),,cz. Abstract filter bank frames
[6] have received considerable attention, as (generalized) shift-invariant systems in
[11,38,44,45,63] and as (frequency-side) nonstationary Gabor systems in [3,19,20,40].
In contrast, this contribution is concerned with a specific, structured family of filter
bank systems and how the superimposed structure can be used to construct filter bank
frames.

3 Warped Filter Banks

In signal analysis, the usage of different frequency scales has along history. Linear and
logarithmic scales arise naturally when constructing a filter bank through modulation
or dilation of a single prototype filter, respectively. In this way, the classical Gabor and
wavelet transforms are obtained. The consideration of alternative frequency scales can
be motivated, for example, from (a) theoretical interest in a family of time-frequency
representations that serve as an interpolation between the two extremes, as is the case
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for the o-transform [13,32,52] (which can be related to polynomial scales), or (b) spe-
cific applications and/or signal classes. A prime example for the second case is audio
signal processing with respect to an auditory frequency scale, e.g. in gammatone filter
banks [59,66] adapted to the ERB scale [34], the latter modeling the frequency pro-
gression and frequency-bandwidth relationship in the human cochlea. The mentioned
methods have several things in common: They are all based on a single prototype
filter and possess the structure of a GSI system (or filter bank). The bandwidth of their
filters is directly linked to the filter center frequencies and their spacing, induced by
the frequency scale.

The filter banks we propose in this section have the property that they are designed
as a system of translates on a given frequency scale. This scale determines a conversion
from frequency to a new unit (e.g. ERB) with respect to which the designed filters
provide a uniform resolution. In the next sections, we will show that this construction
admits a special class of non-uniform filter banks with a simplified structure compared
to general filter banks.

Formally, a frequency scale is specified by a continuous, bijective function
® : D — R and the transition between the non-linear scale ® and the linear scale
is achieved by ® and ®~!. Hence, we construct filter frequency responses from a
prototype function 8 : R — C by means of translation, followed by deforma-
tion,

((T;0) 0 @),,c7 - (6)

This general formulation provides tremendous flexibility for frequency scale design.
Furthermore, choosing ® as ®(§) +— a& or ®(§) +— log,(§), for a > 0, yields
systems of translates T, /, (6(a-)) and dilates (6 o log,)(-/a™), respectively. Such ®
will provide the starting point for recovering Gabor and wavelet filter banks in our
framework.

Definition 3.1 Let D C R be any open interval. A C!-diffeomorphism ® : D — R is
called warping function, if

(i) the derivative @' of @ is positive, i.e., ® > 0, and
(ii) there is a submultiplicative weight v, such that the weight function

/ 1
w = Cb’l) = 7
( oo T0) )
is v-moderate, i.e., w(tg + 71) < v(19)w(71), for all 7y, 71 € R.

Given a warping function @, w and v will from now on always denote weights as
specified in Definition 3.1.

Remark 3.2 While moderateness and invertibility of & will prove essential for our
results, there are no technical obstructions preventing us from allowing warping func-
tions ® € CY(D) \ Cl(D), such that @’ is only piecewise continuous. However, this
implies that some (or all) of the elements of the warped family given in (6) can have

Birkhauser



22 Page8of37 Journal of Fourier Analysis and Applications (2020) 26:22

at most piecewise continuous derivative, independent of the smoothness of 6 and with
the implied negative effects to their Fourier localization. Moreover, ® is easily lifted
to C! with minor, arbitrarily local changes. Therefore, we only see limited value in
generalizing the notion of a warping function beyond diffeomorphisms.

Proposition3.3 If & : D — R is a warping function as per Definition 3.1, then
® := c®(-/d) is a warping function with domain d D, for all positive, finite constants
c,d € RY. Ifw = (&Y is v-moderate, then w = (®~) is v(-/c)-moderate.

Proof The result is easily obtained by elementary manipulation. O

Several things should be noted when considering the definition and proposition
above.

e Proposition 3.3 shows that it really is sufficient to consider integer translates of the
prototype 6 when constructing the frequency responses 6o ;. If @ > 0 is arbitrary,
then with 6, := 6(-/a), we have

(Tiba) o (@®) =6, (a®(-) —m) =0 (P() —m/a) = (Tj/a0) 0o . (8)
e Moderateness of w = (<I>’1)/ ensures translation invariance of the associated

weighted L”-spaces. In particular, identifying (T,,0) o ® with its trivial extension
to the whole real line, we have

u(m)||9||LZ _® if 0 € L? S ®)
T,0) o @|? = | T.0|> 9
o L2 (R) cL? (R) since (9), with m = 0, implies ||0||L2 ) = < w(0)||6||Lz 2 @)

A warped filter bank can now be constructed easily. To do so, after selecting the
warping function @, one simply chooses an appropriate prototype frequency response
0 and positive decimation factors (a;,)mez.

Definition 3.4 Let ® : D — R be a warping function and 6 € L? (R) Furthermore,

let a := (am)nez C RT be a set of decimation factors. Then the warped filter bank
with respect to the triple (P, 6, a) is given by

g(q)v 0,a) = ( namgm)m neZ — (Tnam]: (gm)> nel ’ (10)

with

gm(%:) =

{6/a_m(Tm9) o d(£) if&eD, an

else.

If a,, = a/w(m), for all m € Z and some a > 0, then we say that a is a set of natural
decimation factors (for ).
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Although, in theory, the choice of decimation factors is arbitrary, it is worth empha-
sizing the importance of natural decimation factors: If a set of decimation factors a
is majorized by some natural decimation factors, then the frequency responses g,
are uniformly L?-bounded, recall (9). Uniform L?-boundedness is easily seen to be a
necessary condition for the Bessel property, i.e., the existence of an upper bound in
(3). Moreover, we will see in Sect. 4 that natural decimation factors play an essential
role in the creation of warped filter bank frames.

In Gabor theory, the set of lattices that provide certain properties, e.g., the frame
property, is often studied for a fixed window. Similarly, for warped filter banks, we
might fix the warping function @ and the prototype filter 6. Then, we can attempt to
determine decimation factors a, such that G(®, 6, a) is a frame or possess some other
property of interest. In that sense, the decimation factors a should be interpreted as
parameters of the warped filter bank that are chosen and tuned post-hoc to achieve the
desired properties.

Remark 3.5 Note that the condition 6 € Lf/m(R) is sufficient to ensure that

G(®,0,a) c F-'(L*(D)). In that setting, a set of natural decimation factors would
have the form a,, = a/v(m) for all m € Z and some a > 0, instead. All results in this
contribution also hold in this case and are proven with the same techniques. Since a
decay condition on 6 is usually considered less severe than a restriction of the sampling
density, our results are presented for the configuration given in Definition 3.4.

However, depending on how much the submultiplicative weight v deviates from
w = (d~ 1Y, the two sets of natural decimation factors, and the spaces of eligible pro-
totype functions, may differ significantly. Therefore, we shortly discuss the necessary
changes in the case 6 ¢ Lfﬁ(R) in Sect. 4.3.

Assume for now that9 € L%ﬁ (R) DL}U (R). If we rewrite the elements of G(®, 0, a)
as a Fourier integral, i.e.,

FH em®) = /R gm (€)™ dE = Ja /D O(®(E) — m)e™ <" dg

= ,/_amf w(T + m)f (r)e2x e @Hmr yo
R

with the change of variable & = ®~1(z + m), we can see that decay (smoothness)
of 6 implies smoothness (decay) for the elements of G(®, 8, a), provided that ® is
smooth enough as well. This behavior is crucial for the construction of systems with
good time-frequency localization and in fact central for the results presented in [43],
where the above Fourier integrals are studied in more detail.

We now provide some examples of warping functions that are of particular interest,
e.g., because they encompass important frequency scales. In Proposition 3.11 at the end
of this section, we show that the presented examples indeed define warping functions
in the sense of Definition 3.1. Some instances of the warping functions in the following
examples can be seen in Fig. 1.
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Fig.1 (Left) Warping functions from Examples 3.6 and 3.7: This plot shows logarithmic (wavelet) warping
function (black) and &; = 11 (Sl - S*[), forl = 0.5 (dark gray), [ = 0.8 (medium gray) and / = 1 (light
gray). Note that the horizontal axis is logarithmic. (Right) Warping functions from Examples 3.8 and 3.9.
This plot shows the ERBlet warping function (black), withc =d = 1, and &4 = (1 — a)_] sgn(€)((1 +
|€\)(1’°‘) — 1), for @ = 0.5 (dark gray), « = 0.2 (medium gray) and o = 0 (light gray). The horizontal
axis is linear

Example 3.6 (Wavelets) Choosing ® = log, with D = R™ leads to a system of the
form

gm (&) = Jam(log(§) —m) = /a0 (logEe™)) = ,/%80(%‘64")-

This warping function therefore leads to g, being a dilated version of some
go = Bolog. The natural decimation factors are given by a,, = a/w(m) = ae™". This
shows that G(log, 6, ae™™) is indeed a wavelet system, with the minor modification
that our scales are reciprocal to the usual definition of wavelets.

Example 3.7 The family of warping functions ®;(§) = c ((¢/d)! — (§/d)7"), for
some ¢,d > 0 and ! € (0, 1], is an alternative to the logarithmic warping for the
domain D = R, The logarithmic warping in the previous example can be interpreted
as the limit of this family for / — 0 in the sense that for any fixed £ € RT,

=0 2¢ = 2—Clog’(E/d). (12)

/ _¢ —1+1 —1-1
@/ =5 (€ M+ ) S =5

This type of warping provides a frequency scale that approaches the limits 0 and
oo of the frequency range D in a slower fashion than the wavelet warping. In other
words, g,, is less deformed for m > 0, but more deformed for m < 0 than in the case
® = log. Furthermore, the property that g,, can be expressed as a dilated version of
go is lost.

Example 3.8 (ERBlets) In psychoacoustics, the investigation of filter banks adapted to
the spectral resolution of the human ear has been subject to a wealth of research, see

) Birkhiuser



Journal of Fourier Analysis and Applications (2020) 26:22 Page 110f37 22

[51] for an overview. We mention here the Equivalent Rectangular Bandwidth scale
(ERB-scale) described in [34], which introduces a set of bandpass filters modeling
human perception, see also [53] for the construction of an invertible filter bank adapted
to the ERB-scale. In our terminology the ERB warping function is given by

Brra (&) = sgn (£) clog (1 + %) ,

where the constants are given by ¢ = 9.265 and d = 228.8. Using this function, we
obtain a filter bank with uniform bandwidth on the ERB-scale. This property is the
key feature of the filter banks proposed in [53] or more traditional Gammatone filter
banks on the ERB-scale, see e.g. [66]. However, in contrast to these previous methods,
it is very easy to construct tight warped filter bank frames, see Sect. 4. The warped
ERB filter bank has potential applications in audio signal processing, as it provides
an invertible transform adapted to the human perception of sound.

Example 3.9 Filter banks obtained from the warping functions ®,(§) = sgn(§)
((|$| + e — 1), for some « € [0, 1) can serve as a substitute for the a-transform,
see [13,27,32,52]. The latter is a filter bank constructed from a single prototype
frequency response by translation and dilation, leading to filters with bandwidth pro-
portional to (1 + |£])¥, where & € R is the center frequency of the filter frequency
response. Varying «, one can interpolate between the Gabor transform (« = 0, con-
stant bandwidth) and a wavelet-like (or more precisely ERB-like) transform with the
bandwidth depending linearly on the center frequency (¢ — 1). It is easy to confirm
that the warping function @ (£) yields filters with bandwidth proportional to (1+ &)
as well. We will see in subsequent sections that, in stark contrast to the «-transform, it
is easy to construct tight frames using the warping function ®,,. Note as well that study
of the o-transform usually excludes the limiting case o« = 1, which is also not captured
by the above warping construction. However, the logarithmic warping considered in
Example 3.8 yields filters with bandwidth proportional to (1 + |£|) and can thus be
considered as substitute for the limiting case. A limit argument on the derivative of
®, (¢ — 1), similar to (12), provides another approach to confirm this assertion.

Example 3.10 Finally, we propose a warping function for representing functions band-
limited to the interval D = (—m, 7). For this purpose set ®(£) = tan(&). Necessarily,
the frequency responses g, given by (11), are all compactly supported on D and
increasingly peaky and concentrated at the upper and lower borders of D, as m tends to
oo and —oo, respectively. By using the equivalence of GSI systems and nonstationary
Gabor systems [3] through application of the Fourier transform, we can thus construct
time-frequency systems on arbitrary open intervals. Frames for intervals have been
proposed previously by Abreu et al. [1].

Proposition 3.11 The following are valid triples of warping functions, weights w and
moderating submultiplicative weights v, as per Definition 3.1:

() ®:RT - R, &€ > log(&), withw = v =0,
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(i) ®:RT > R, £ > (&) — &), forl € (0, 11, with

U (O+JOTER \ﬁ NS
w = T m and v =+2()*+8- Z<2+7> .

(iii) ®:R — R, & > sgn(€) log(1 + |&]) withw = v = e,

iv) ® : R - R, & > sgn(§) ((l + gDt — 1), for some a € [0, 1), with
w=v/(l—a)=0-—a) 1+ N/,

(V) @: (=, 1) > R, € tan(€), withw = (1 + (V> and v = 2(1 + ()?).

Proof Items (i), (iii) and (iv) are easily shown through elementary calculations. It
remains to prove items (ii) and (v).

Ad (ii): @ is in C®(R*) with d~1(z9) = 27 (9 +,/7¢ + 4/, such that

, ~11 (14 /¢ + D! -1
w(fo)=(<1>_l) (r0) = 2t VO 2 Wz g

I Jata I

Thus, w is v-moderate with v = vgvy, if ® ! is vo-moderate and ((-)% + 4)~1/2
is vi-moderate. It is straightforward to show that the latter is true with vi(rg) =

ﬁ,/t& + 4. We now proceed to show that @1 is vp-moderate with vy(zp) =
5/ (2 + |19]/2)¥". Observe that

(Q_I(TO‘FTI))l | T+ )2 +4— /13 +4

1
@~ (70) 0+ /72 + 4
0 forall 11 <O,
=) —I else,
VTR /A+A—T1 )2
since the left hand side attains its global maximum at tp = —t/2, for fixed r; > 0.

By the fundamental theorem of calculus (with f =,/ 7:12 /4+ (),

7 <‘L’]2—|-16
Java—gp 4

valid for all 7; > 0. Hence,

< Q2+ ul/2)%,

<<D](To + 1)

1
- 1(2) ) <14+ Q+[ul/2? <5/4- Q@+ ul/2?

) Birkhduser
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-1

and the right hand side is a submultiplicative weight. Consequently, &~ is indeed

vo-moderate and we obtain that w is v-moderate with

21
5
v(10) = vo(t0)v1(T0) = /275 + 8- <\/; <2 + |;—0|)> ,

as desired.

Ad (v): The crucial step is to show that arctan’ = (1 + ()%~ can be moderated
by a submultiplicative weight. But since (79 + )% < 2(1:3 + 112) for all 7o, 71 € R,
it is easy to see that v = 2(1 + )3 is submultiplicative and that w = (1 + O3 Lis
v-moderate. The other required properties of ¢ = tan are elementary. O

4 Warped Filter Bank Frames

Although this contribution is concerned only with warped filter bank frames, our results
are derived from structural properties and results obtained in the general, abstract filter
bank (or GSI) setting. As such, the structure imposed on warped filter banks can be
seen as a constructive means to satisfy, or simplify, the conditions of these abstract
results. Our results rely on the simple, but crucial identity

Y ay gn@)1F =D [(Tyb) o (&), forall & € D, (13)

meZz mez

a direct consequence of the definition of the warped filter bank G(®, 6,a). As a
consequence of the above equality, we can find upper and lower bounds for (13), by
instead determining upper and lower bounds on the simpler quantity

> ITwoP (14)

meZ

To exclude pathological cases from the study of filter bank frames, it has proven
useful to assume that a filter bank (g, )m.nez satisfies the so-called local integrability
condition [11,38,44]. This enables the generalization of numerous important results,
e.g. a characterization of dual frames, from the frame theory of Gabor systems [35]
and uniform filter banks [45].

Definition 4.1 Denote by D the set of all functions f € L°(D) with compact sup-

port. We say that the filter bank (g,.,)m.nez, generated from (g,,),,c7 C L2(D) and
(am)mez, C RT, satisfies the local integrability condition (LIC), if

L(f):=) Za;ﬁ/

2
FE+1ahen® dg <00, (15)
meZ leZ supp(f)

forall f € D.
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The LIC might seem intimidating and opaque at first, but once we impose some
structure on (g, n)m.nez, it can often be substituted by mild conditions on the fre-
quency responses g, and decimation factors a,,. In the case of warped filter banks,
boundedness of (14) and a being majorized by a set of natural decimation factors is
already sufficient for G(®, 6, a) to satisfy the LIC.

Theorem 4.2 Let ® : D — R be a warping function and 6 € L%(R). If

sup @, w(m) < oo  and  esssup Z |Tm0('l:)|2 < 00, (16)

mez TeR meZ,

then G(®, 0, a) satisfies the LIC (15). In particular, if a is a set of natural decimation
factors and the second condition in (16) holds, then G(®, 6, a) satisfies the LIC.

Proof First note that, instead of considering all compactly supported and essentially
bounded functions f € L?(D), it is sufficient to verify the LIC (15) only for the

characteristic functions 1; on compact intervals I C D. These functions are clearly
contained in L%(D) and it is easy to see that

supp(f) €1 == L(f) < IfIIZL(1)).

For 1;, the LIC reads

LAp =Y a,'y" /1 1)1 ) 1gn@)1” dé. (17)

mez leZ

If the right hand side of (17) is finite, then it converges absolutely and we can inter-
change sums and integrals freely. Hence,

LA =Y a, fl lem @17 1,1 () dE

mez IeZ
(1 1
e Nl
meZz

=3 @nn(h + 1)/1 (T,6) 0 D) d,

mez

where we used that ), 141 ) < Tampu (D] < amp()+1 for arbitrary & € D.
We split the upper estimate into two terms and interchange integration and summation
once more to obtain

L(1y) </Z|(Tm9)o<b(§>|2 dg + Zamu(n-/lume)m(&)ﬁ dg.

mez meZ
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By assumption, there is some constant B > 0, suchthat}", _, |T,,0(t)|> < B almost
everywhere and we can conclude that

/IZ (Tn) 0 D& dé < (1) B.

mez

To estimate the second term, note that the change of variable € = ®~!(z +m) yields

Zam~/l|<Tme>ocb<s>|2 d§ = Zam-[p w( +m) 0D dt = (+).

meZ meZ (H—m

By assumption sup,, .7 a,w(m) < oo and 0 € L%/E(R). To estimate the right hand
side of the above equation, we can use v-moderateness of w:

(%) < Zamw(m) / v(1) 10(0) ] dt
®

mez ()—m

= anwn) [ Low @ P dr
meZ R

= sup apw(m) - / v(T) |6(1:)|2 Z Toy—m dt
mez R

mez

< (1 + u(®(1))) - sup anpw(m) / v(®) [0(0) dr
R

mez

= (L + n(®(1))) - sup apw(m) - IIGIIizf < 0.

mez

Altogether, we obtain

L(Ly) < u(D) - (B + (1 + @(®(1))) - sup apw(m) - ||9||i%> < o0,

mezZ

which establishes the desired result. If a is a set of natural decimation factors, then
ampw(m) = a < oo for all m € Z, yielding the second claim. O

The previous result shows that a large class of warped filter banks satisfies the
LIC. In that case, the results presented in [11,38,44], many of which require the LIC,
are fully applicable. Moreover, we will see in Theorem 4.4 that the second condition
in (16) is in fact necessary for G(®, 6, a) to be a Bessel sequence. In other words,
for a warped filter bank with the Bessel property, the LIC can always be satisfied
by choosing appropriate decimation factors. Our next result relies on some previous
results from the literature, which we now recall. Their application will yield necessary
and sufficient conditions for a warped filter bank to form a Bessel sequence or even a
frame.

Proposition 4.3 Let (gn.n)m.nez the filter bank generated from (gm)mez C L2(D)
and (apy)mez, C RT.
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(1) [40, Prop. 31 If (8m.n)m.nez is a Bessel sequence with bound B < 0o, then

Z i|gm(§)|2 < B, foralmost all§ € D. (18)
a

m
mez

(i) [11, Cor. 3.4] If (8m.n)m.nez is a frame with lower frame bound A > 0 satisfying
the LIC (15), then

A< Z L|gm($)|2, for almost all § € D. 19)
a

m
mez

(iii) [3, Cor. 1] Assume that there are some constants ¢, dy, € R, such that supp(g,)
[cms dm] and ay, satisfies anjl > dpy — Cm, forallm € Z. Then (gm,n)m nez forms
a frame, with frame bounds A, B, for F~'(L>(D)) if and only if

1
0<Ac< Z—lgm(§)|2§B < 00, foralmostall £ € D. (20)
a

m
mez

Furthermore, the filter bank generated from (g;,)mez C L2(D) and (ap)mez, C
R, with

o = g—”]’z, forallm € 7, Q1)
ZleZ a_]|gl|

is the canonical dual frame for (8m.n)m nez-

With the above results in place, we obtain the following necessary and sufficient
conditions for warped filter bank frames.

Theorem 4.4 Let G(®, 0, a) be a warped filter bank for F~' (L (D)).

(1) IfG(d, 0, a) is a Bessel sequence with bound B < oo, then

> ITwb(0)I* < B < oo, foralmost all T € R. (22)

mez

(ii) IfG(®, 0, a) is a frame with lower bound A > 0 and sup,, 7, a,w(m) < oo, then

0<A<) |Tub() foralmostall T € R. (23)

mez
(iii) Assume that there are constants ¢ < d, such that supp(0) C [c, d] and a,;] >
O d+m)— o+ m), for all m € Z. The warped filter bank G(®, 0, a)
forms a frame for F~'(L?(D)), with frame bounds A, B, if and only if 0 < A <
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ZmeZ |T,,19|2 < B < 00 almost everywhere. Furthermore, the canonical dual
frame for G(®, 0, a) is given by G(D, 0, a), with

0

0= =—.
Yiez ITi0P

(24)

Proof Part (i) is a direct consequence of Proposition 4.3(i) and (13). Part (ii) follows
similarly from Proposition 4.3(ii) and (13), after noting that the assumptions of (ii)
imply (i) and thus sup,, .7 anw(m) < oo yields the LIC by Theorem 4.2. Finally, (iii)
is obtained by inserting (13) into Proposition 4.3(iii). O

Note that the canonical dual frame in Theorem 4.4(iii) is a warped filter bank
as well, obtained with the warping function @ and decimation factors a. The dual
prototype filter 6 is easily computed using Eq. (24). Theorem 4.4(iii) is the natural
generalization of the classical painless nonorthogonal expansions [17] to warped filter
banks and extremely useful when strictly bandlimited filters are required. The whole of
Theorem 4.4 serves as a strong indicator that for any snug frame, i.e., with B/A ~ 1,
the sum ), IT,,0|> must necessarily be close to constant. It is thus imperative
that the translates of the original window 6 have good summation properties. We
established an intimate relationship between stability of the filter bank G(®, 6, a) and
the extrema of Y, |T,01%.

Sometimes, when we would like to work in the setting of Theorem 4.4(iii) it can
be more efficient to estimate the support of the g,, instead of calculating it exactly.
The following result and its discussion below show that this can easily be done using
natural decimation factors that satisfy the conditions of Theorem 4.4(iii). The derived
natural decimation factors often satisfy a,, L~ Yd+m)— o L+ m).

For the purpose of the following result and for later use, we define the function
V:RxR— Rby

7
V(tw, 11) = / v(t) dt, for all 1o, 71 € R. (25)
T

0

Corollary 4.5 Let G(®, 6, a) be a warped filter bank with compactly supported proto-
type 6 € L2(R). Define

co := inf supp(f) and dy := sup supp(6)
and Gy, := V(co, do) ™. Assume furthermore that
am < ay/w(m), forallm € Z.

The warped filter bank G(®, 0, a) forms a frame with frame bounds A, B, if and only
if0< A< ZmeZ |Tm€|2 < B < oo almost everywhere. In that case, the canonical

dual frame is given by G(®, g, a), with 0 asin (24).
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Note that V (co, dp) can be bounded from above by (dy — co) max¢(cy,4,) V(7). This
coarser estimate can be used for an even simpler computation of decimation factors
appropriate for Corollary 4.5, e.g. if v is nondecreasing away from zero.

Proof of Corollary 4.5 By the fundamental theorem of calculus,

do+m
& (dy+m)— @ (co+m) :/ w(t) dt

co+m

d
< w(m) / " o) dr = V(co. doyw(m),
cQ

for all m € 7Z. Therefore,
& dy +m) — & eo +m) < wim)/ay < a,,,

as per the assumption. Since 6 € L?(R) with compact support implies 6 € L%(R),
we can apply Theorem 4.4(iii) to finish the proof. O

Without additional assumptions on the warping function ®, the condition a,, <
ay/w(m) in Corollary 4.5 cannot be improved. To see this we construct a warping
function, such that any choice a,, > ay, /w(m) yields a,;l < & 1) — d (), for
all nonempty, closed intervals [c, d]. Hence, the conditions of Theorem 4.4(iii) are
violated. Choose ® = log and note & (1) = ¢ = w(z) forall T € R. We can
choose v = w and obtain

do
edotm _ geotm — om f etdt = V(co, do)w(m) = (& (do) — &' (co))v(m),
o

to show that for a logarithmic warping function the natural decimation factors are
indeed the coarsest possible decimation factors that satisfy the conditions Theo-
rem 4.4(iii).

4.1 On Tight Warped Filter Bank Frames

In the following, we will demonstrate how the definition of warped filter banks leads
to straightforward constructions of tight frames with compactly supported prototype
0, following the decimation conditions in Theorem 4.4(iii). Specifically, the tight
frame property is achieved by selecting a prototype 6 that is compactly supported and
equalizes the inequality (22). Tight frames are important for various reasons. They
provide a perfect reconstruction system in which analysis and synthesis frame are
equal up to a constant. Hence, there is no need for computing and/or storing a dual
frame, which might be highly inefficient. By equalizing the frame inequality (3), they
provide optimal norm stability. Furthermore, the usage of tight frames guarantees that
the synthesis shares the properties of the analysis, e.g. in terms of time-frequency
localization.
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Under the conditions of Theorem 4.4(iii), i.e., 6 is compactly supported and the a,,
are small enough, a warped filter bank G(®, 6, a) is a tight frame if and only if, for
some C > 0,

Z IT,.0)% = C, ae. (26)

mez

However, even if the conditions of Theorem 4.4(iii) are not satisfied, (26) is still
necessary for the filter bank to be tight, at least if the decimation factors a are majorized
by a set of natural decimation factors. Therefore, 6 that satisfy (26) are the optimal
starting point when aiming to construct snug warped filter bank frames, i.e., frames
with small frame bound ratio.

Although surely not the only methods for obtaining functions satisfying (26), we
highlight here two classical methods that provide both compact support, which is
required to apply Theorem 4.4(iii), and a prescribed smoothness: B-splines [18] and
windows constructed as a superposition of truncated cosine waves of different fre-
quency [55]. The second class contains classical window functions such as the Hann,
Hamming and Blackman windows. We now recall a procedure to construct such func-
tions that also satisfy (26). The method has previously been reported and proven as
[64, Theorem 1]:

Let K e Nandc, e Rfork € {0, 1, ..., K}, and define

K
D7) = ch cosRmkT)1[_1/2.1/2)- (27)
k=0
Then for any integer R > 2K
2 K
T—m » R 2
Zﬁ( 7 )‘ :Rco+526k, V1 e R; (28)

mez k=1

i.e., the sum of squares of a system of regular translates (T,,6),,c7, with 0 = ¥ (-/R),
is constant.

Considering Theorem 4.4(iii), the construction above can be used to easily construct
tight frames by choosing the decimation factors a,, to satisfy

a,l > '(m + R/2) — 7 '(m — R/2). (29)

In the following, we will demonstrate this for some of the examples given in Sect. 3.

For the purpose of all the following examples, we choose ¥ according to (27) with
K =1landco =c; = 1/2,i.e., we can choose R > 3. This function is often called the
Hann or raised cosine window. The Hann window is among the most popular finitely
supported Gabor windows or filters for time-frequency signal analysis.

Example 4.6 (® (&) = sgn(&)log(1 + |&])) For this choice of @, (29) takes the form

a,l > sgn(m + R/2) (TR — 1) —sgn(m — R/2)(e™R/2 — 1),
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or equivalently

-1 (eMIHR/Z _ 1) — (elmI=R/2 _ 1) = elml(eR/2 _ o=R/2) for |m| > R/2,
>
An = (em+R/2 -+ (e—m+R/2 -1 = eR/Z(e\ml + e—|m|) —2 else,
where the latter case concerns the filters where supp(T),,0) is not contained in either
[0, 00) or (—oo, 0]. We see that in both cases, anjl is majorized by elml, up to a constant
depending solely on R. If we set R = 3, then a tight frame is obtained by choosing

eMl(e32 — e732) 71 = L for |m| > 2,
am = (@' +e ) =) > g for jm| =1,
e32 -2~ > T197 form = 0.

On the other hand, Corollary 4.5 yields @, = (2¢3/2 —2)~"! and w(m) = v(m) = e,
ie., ay =2e ™32 — 1)~! for all m € Z, which is slightly more conservative.

Example 4.7 (®,(§) = sgn(&)((1+ lEPT— — 1)) Let p :=1/(1 —«) € N. Then (29)
can be rewritten as

_ 1+ |m|+ R/2)P — (1 +|m| — R/2|)?  for |m| > R/2,
a;l >
" T lA+R2+m)P + 1+ R/2—m)P —2 else.

Ifa=1/2,ie., p =2,and R = 3, evaluation of the above conditions yields a tight
warped filter bank with

1

e for |m| > 2,
am =\ % for |m| = 1,

2 _

37 form = 0.

In this setting, Corollary 4.5 yields a, = 24—1 and w(m) = 2 + 2|m|, see also Exam-
ple 3.9.

Example 4.8 (® (&) = tan(&)) With w and v as in Proposition 3.11(v), Corollary 4.5
yields ay = (R3 /6+2R — 4)_1 and, with R = 3, the following set of almost optimal
natural decimation factors

— 2 +2m?
am = ay/w(m) = 1

The above examples show the ease with which tight warped filter bank frames
are constructed when the prototype filter 6 is compactly supported. In the following
section, we show that warped filter bank frames for fully supported prototype filters
exist as well.
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4.2 Prototype Decay Implies Existence of Warped Filter Bank Frames

Our final set of sufficient Bessel and frame conditions is concerned with the case that
0 is sufficiently localized, but not necessarily compactly supported. In this setting, the
verification of the frame property becomes substantially harder. To obtain a sufficient
condition, it is possible to estimate the alias terms Zl;ﬁo | nglarzlgmL m € Z,in
the Walnut representation of the frame operator of G(®, 6, a), see [44, Proposition
3.7], avariant of which we state in Proposition 4.14. The main result of this section,
Theorem 4.11 provides a decay condition on 6 and a density condition on the decima-
tion factors a, such that the conditions of [44, Proposition 3.7] are satisfied. Note that
these conditions were recently improved by Lemvig et al. [47], under the additional
assumption of the so-called a-local integrability condition. However, our results do
not benefit from the sharper condition.

One would be tempted to apply [19, Corollary 3.5], which uses decay of the fre-
quency responses g, to determine a density condition on the decimation factors a,,.
Adapted to our setting, that result is as follows:

Proposition 4.9 ([19, Corollary 3.5]) Let (gm)mez C L2(D) satisfying

0<A< Z|gm(s)|251§<oo a.e on D, (30)

mez

for some constants A, B. Assume that there exist a 8-separated sequence (by,)mez, and
constants p > 2 and C > 0, such that

lgm &) < C(A +1§ —bul)™" ae. onD. 31

There exists a sequence (aﬁ?))mez C R such that the filter bank (8m.n)m,nez gener-

ated from (gm)mez C L2(D) and (am)mez, C R forms a frame for F~1(L*(D)), if
(]

am < ay,’, forallm € Z.

Note that we took the liberty of simplifying the conditions of [19, Corollary 3.5]:
In particular, the assumption that the g, be in the Wiener space W (L>°, £') is implied
by (31). Moreover, the constants C and p were allowed to vary with m € Z, but
only within a compact interval. It is straightforward to confirm that the two results are
equivalent if D = R, except for the actual values of the sequence (a,(,? ))mez c RT.
The required restriction in the case D C R is straightforward as well.

The conditions of Proposition 4.9 pose severe restrictions for warped filter banks.
In fact, under reasonable assumptions on G(®, 6, a), they imply that w = (CD’I)’ is
bounded above and thus & must have at least linear asymptotic growth.

Proposition 4.10 Let G(®, 0, a) be a warped filter bank for F~' (L2 (D)), with nonzero
prototype 0, and set by, = ®~'(m), for all m € Z.

(i) If the open interval D is a true subset of R, i.e., D C R, then for any § > 0, there
isanm € Z, such that |by,,+1 — by, | < 6.
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(i) Assume that 6 < Co(1 4+ |- |)7P°, for Co > 0, po > 1/2, and that (30) holds
for gm = /am(T,,0) o ®, m € Z. Then sup,,cy a, < 00 and limsup,,_, ., an #
0 # limsup,,_, _, am.

(iii) If the assumptions of (ii) hold and there are constants p, C > 0, such that |g,| <
C(14+|(-)—bm|) P almost everywhere, forallm € 7, thenw = (=)’ € L®(R).

Proof Ad (i): Assume without loss of generality that D is bounded below with

inf{¢ : & € D}=c € R. Clearly, since ® is is continuous and positive,
limg_, . ®'(§)=00, implying lim;_, _oo(®~1)(r) = 0 and (i) easily follows.
Ad (ii): Without loss of generality, assume esssup,.r€(r) = 1. Then

SUp,,e7 Gm = 00 or lim,,_, o a;, = oo easily imply that a finite upper bound for
Y omez lgm|? = Y ez aml0(P () —m)|? cannot exist. Let @ := sup,,.z am < o0o. For
every € > 0, there is m, € Z, such that

Yo amloc—-mP<C5 > al+[r—m)
m<(k—m¢) m<(k—m¢)

< ¢€/2, for almostevery t > k, k € Z.

If limsup,, , o, am = O, then there is a k¢ € Z, such that sup a, < €/(2B),
m>(ke—me)
where the constant B is defined as

B :=ess sup Z 10(t —m)|> < ess sup Cg Z(l +lt—m|) " < 0.

teR teR

mez mez

Together, we obtain

Z a,|0(t — m)|2 < ¢, for almost every t > k.
mez

Since € > 0is arbitrary, the desired lower bound A cannot exist. lim SUP,,—s —o0 m #= 0
is proven by the same steps.

Ad (iii): We show that under the assumptions of (iii), w ¢ L°(R) implies
6 = 0, which contradicts the assumption that 6 is nonzero. Begin by noting that
lgm| <CA+ () — d>_1(m)|)_” is equivalent to

C
o0
= Va1 110 tm) — o )P

almost everywhere.

Moreover, for all tg € R,

0 w(m)

v(—1)

d>fl(fo+m)—qu(m) =/m w(m +1)dt 2/ dr,
0 0
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where we used v-moderateness of w. If T > 71 > 0, then with C¢, := OT' v(it)dr,
we obtain by positivity of v that

0(tr) < < < < )
Van (1 + @7z +m) — @=1m))P ~ @ (1 + Cryw(m)|)P
for almost all T > 1. (32)

Now, if w ¢ L (R), then either lim,,_, oo w(m) = oo or lim,,_, _» w(m) = oo, by
continuity of w. For the right hand side of (32) to be bounded below, this implies either
lim,— 00 @y = 0 or limy,— _oo a;, = 0, which is prohibited by (ii). Since 71 > 0 was
arbitrary, we obtain that necessarily 6(7) = 0 for almost every 7 > 0. An analogous
argument shows that 6(7) = 0 for almost every T < 0. Therefore, 6 = 0, completing
the proof by contradiction. O

Considering Proposition 4.10, a quick glance at Examples 3.6-3.9 shows that the
requirements of Proposition 4.9 are highly undesirable for warped filter banks. Instead,
we only establish a decay condition on 6. This condition ensures the Bessel property
and, when complemented by sufficiently small decimation factors, even the frame
property. The given result is of central interest, as it shows that warped filter banks
also admit the construction of frames for many prototype filters 6 with full support.

Theorem 4.11 Let ® : D — R be a warping function with 6 € L%/E(R), fix an
arbitrary € > 0 and let w1, wy denote the following weights

wi=A+]-DT and wy = (14 |V (0, ),

where V is as defined in (25). If
0 e Lﬁ R)N LE(R) and ap < ajw(m), forallm € Z and some a > 0, (33)

then G(®, 0, a) is a Bessel sequence. If (33) holds and

0<A < Z |Tm9|2 almost everywhere,

mez

then there is a constant ag > 0 such that G(®,60,a) is a frame, whenever
am < ap/w(m), forallm € 7.

We would like to emphasize that (33) is only a mild additional restriction on 6, given
that 9 e Lf/E(R) is already required. Clearly, 6 € L{ (R) enforces just enough decay

1
to ensure & € L!(R), while simple calculations show that, similarly, 6 € L{° (R)

2
provides just enough decay to ensure 6 € L}J R).
Before we proceed to prove Theorem 4.11, we require two auxiliary results.

Lemma4.12 Let ® : D — R be a warping function such that w is v-moderate. There
is a bijective, increasing function A, : R — R, such that A,(0) = 0 and for all
c € RT, we have

(1) — 7 (19)| = cw(ng) = |1 — 0
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>

, forall tp, t1 € R.

AN ifu =1
|A;1(—c)| else

Proof If 7| > 1, then the assumptions yield

71

cw(tg) < <I>_1(rl) — <I>_1(ro) = / w(t)dt < w(t)(ty —t0) sup (7).

L) 7€l0,71—70]

Analogous, we obtain for 71 < 9 that cw(7g) < w(to)(to — 71) SUP7 7, —10.0] v(7).

The function A, : R — R, T > 7 sup; ¢ 0juj0,r] V(70) is continuous and strictly
increasing and thus invertible. Moreover, the above derivations show that, for all
70, 71 € R,

¢ < sgn(t; — 10)Ay(T1 — 70),

as desired. O

Lemma 4.12 allows us to derive the following result which will be crucial for
proving Theorem 4.11.

Lemma 4.13 For a given warped filter bank G(®, 6, a), with a sequence a = (ay)mez,
of decimation factors, define

P(E) :=Popa) =) |l0@& -m|- > \9@@ +kay,') —m)| |
meZ keZ\{0}
E+ka'eD

m

forall € € D. (34)

If6 e LS (R)N L&"z (R), with wy, wy as in Theorem 4.11, and a,, < a/w(m), for all

w1
m € Z and some a > 0, then

esssup P(&) <oo and esssup P(§) &—_>9 0.
§eD geD

Proof In the derivations below, sums of the kind ZkeNo (g+k)y*,forg >0,s > 1
appear repeatedly. These sums are finite and their value is given by Hurwitz’ zeta
function [56], £(q, s). In the following, we will use the upper estimate

g +Y @+ < +/ G+ di=q"+-1""¢g'", 39
R+
keN
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which also shows that the left hand side tends towards zero for s fixed and ¢ — oo or
vice versa. Note that v-moderateness of w implies, for ¢ € D,

‘t _ dD_l(m)‘ = ‘CD_](CD(t)) _ CD_l(m)‘ =

d(1)—m
/ w(t +m)dt
0

D(1)—m
/ v(t)drt
0

(1)
/ w(t)drt

= w(m) =wm)|V(O, P@) —m)].  (36)

Moreover, with C; := HOHLEﬂ R) < 00,

1 3
esssup Y [Tp0(1)| <2C; Y T < 2010+ €1 = B < 00, 37)

teR meZ meNy

by (35). We proceed to estimate the inner sum in (34). To that end, define

Pu® = Y ’9(c1>(§ +ka ) —m)|, forallé € D, m € Z.

keZ\{0}
E+ka,leD

Assuming 0 € L‘lj)oz (R) with Cy := ||9||Luo% ®) > 0, we obtain

Pa®=Co Y0 |1V 06 +kayh) —m)) T

keZ\ {0}
&+ka,'eD
Etkal —o )|\ €
<C Z <l + ‘ 2 D ,
keZ\{0} w(m)

for almost every £ € D. Here, we used (36) with t = & + ka,, ! to obtain the second
inequality.

For any pair (£, m), there is aunique k(¢ ) € Z such that & +kg ma,,' —®~1(m) €
[—Qan) ™", 2am)™"). Let

M :=1{m €Z: kgm =0} and M :=Z\ M.
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First assume that m € Mg, ie., § — & '(m) € [—Qan)~", Qa,)~"). We can split
the sum by the sign of k to obtain

-1 _ -1 —1-€
) <1+‘§+kam ¢ (m)D
w(m)

keZ\ {0}
Qam)~" + ka,! >_1_€ ( ‘ Qan)~" + ka,! >_1_5
|4 |l + |4 |-l T2
= kEXN:O ( w(m) ,g\;o w(m)
w(m) + 2ay) "' + ka,! e
=2 Z ( w(m) ) = .
keNy

If ay < a/w(m), then |(2ay) "' + ka,'| = |(1/2 + k)w(m)/a| and

~ —1—e
() <2y <w) =23y @+1/2+07"C.

a
kENO kENo

Consequently, with (35), we obtain that

~ ~ 1+4€
Pm($)<2C2<1+a+1/2)< - ) :

€ a+1/2

for almost every & € D. Now, if m € M T, then a similar estimation yields

Pu(®) < |0(P(E + ke.may") —m)

-1 _ -1 —l—e
+C Y (1+‘§+ka’” ® (m))
}

w(m
kEZ\{O,k(g‘m) ( )

Cr 120, (14 412 i\
< 9
2T P a+1/2

almost everywhere. These estimates can now be inserted into the expression (34) for
P:

PE) =D 10(DE) —m)|- Pu(®)

meZ
~ 1/2 ~ I+e
<C ) 10(@E) —m)| +2C; (1+“+€/ )(afl/z) (38)
meMg
D 10(DE) —m),
meZ
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for almost every & € D. Applying (37) to estimate both terms yields

Ga1/2 ~ 1+e
ess supP(E) < 201 Co(1 + e~ (142 (14 A 12) (@ < o0
geD € a+1/2

For the second assertion, we have to show convergence of the essential supremum to
Ofora — 0.Bydefinition,m Mg implies |E—®~ ' (m)| > 2a,,)~! > wm)a)~".
Hence, we can apply Lemma 4.12, withtg = m, 11 = ®(§)andc = (2a)~! to obtain

|D(E) —m| > AV (1/a)) | if®E)—m >0,
~ 1Ayt —1/Qay | else.

We can rewrite, with m _ := max M{ N (—c0, ®(£)), m = min M{ N (®(£), 00),

dole@E) —ml < Y 10@E) —m_+ k) + Y [0(DE) —my — k)

mEM; keNg keNg

1 1
=C Z 3 - e T Z 1 N I4€
ke (1+|Av (1/(2a))|+k> ke, (I—HAU (—]/(2a))|+k>

e i (1 . 1+ 145! <(*1)<f/(25)) |) (1 n |A;] ((_1)]'/(2&)) |>717

€
Jj=0

All in all, we obtain for P the estimate

a q 1+€
Pgga(§) < C1C2 (4(1 +e <1 L +€1/2) ( a )

a+1/2

1 -1 -1 i 177 (39)
Ly L+e '+ 14 (=D//Qa) D
= a+iAT (i)t ]
almost everywhere. Since A L(1) t_)—ifo 00, we see that
a—0
ess sup Pa, g a(£) = 0,
EeD

as desired, finishing the proof. O

The last term on the right hand side of (39) depends heavily on the moderat-
ing weight v through the function A, I and without further specifying v, a useful
estimate for A;l is out of reach. For v(r) = e, cf. Example 3.6, we have
A,(t) = tmax{l, e’}. Thus, on RT, A;] equals the product logarithm, such that
the right hand side of (39) will decay very slowly for a — 0. However, it decays
quickly for increasing €. In our experiments, performed with compactly supported or
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exponentially decaying 6, we never observed any significant influence of the warping
function ® (and therefore of v) on the choice of a. These observations are reflected
in the results presented in Sect. 5.1, in particular the frame bound ratios reported in
Table 1. On the other hand, the estimate (39) may be rather coarse. For a smooth
bell function 6, e.g. a Gaussian, even the base estimates & < Co(1 + | - |)~!~¢ and
6 < Ci(1+4 |V(0,-)])~'=¢ do not allow the simultaneous choice of small constants
Co, C1 and a large decay rate €.

With Lemma 4.13 in place, proving Theorem 4.11 only requires a few simple steps
and the application of the following variant of [44, Proposition 3.7].

Proposition 4.14 ([44, Proposition 3.7]) Let (gm.n)m.nez. C F~Y(L2(D)) be the filter
bank generated from () mez, C L2(D) and (am)mez, C RT.If

1
B := ess sup [Z Y —lemE)gm (& — l/am>|} < o0, (40)
§eD | ez 1ez “m

then (§m.n)m.nez is a Bessel sequence with bound B.
Assume that (40) holds. If

1
Ar=essinf | 30— | Ign@®F = > lem@8nE —/an)] | | > 0. @41)
fe mez, M 1€7\{0}

then (§m.n)m.nez constitutes a frame for F~Y(L2(D)) with frame bounds A, B.
Proof of Theorem 4.11 We will show that, with suitable choices of a, the conditions of

Theorem 4.11 enable the application of Proposition 4.14. The main observation is the
following: For any given warped filter bank G(®, 6, a), we have

Doaylgn@©P Y Y a 1en @) gnE +lay )]

meZ meZleZ\{0}

=) 10@E-mP £ Y [10@E-m)]- Y 10(@E+a,) —m)

mez mez 1€Z\{0})
E+la,leD
= Z [0(D(E) — m)|2 +Pog.a(§), for almostevery & € D.
mez

By Lemma 4.13, ess SUPzep Pg p.a(§) < 0o. Moreover, since 6 € Lm (R), we obtain
the estimate

ess sup Z T, 0(t)| < B < 00

teR mel.

Birkhauser



Journal of Fourier Analysis and Applications (2020) 26:22 Page290f37 22

as per (37). In total, with B as in (40),

B = ess sup (Z 0(PE) —m)]* + P¢,9,a<5)> < B +esssupPo g a(€) < 00,
EeD

§eb mez

and G(®, 0, a) is a Bessel sequence by Proposition 4.14. Similarly, with A asin (41),

A . _ 2 _
e%i%lf<2|9<<b<€> m))| P¢,e,a<s>)
me7Z
> A; —esssupPg g a(£).
£eD

By Lemma 4.13, there is a constant g > 0, such that a,, < ag/w(m), forallm € Z,
implies

esssupPqppa(§) < Ag.
EeD

Thus, by Proposition 4.14, we have that G(®, 0, a) constitutes a frame. O

Theorem 4.11 is extremely useful for proving (a) the existence of a safe region in
which decimation factors can be chosen freely and (b) that compact support of the
prototype 6 is not a necessity for obtaining warped filter bank frames.

4.3 Warped Filter Bank Frames with 8 LT/W(R)

When going through the results presented in this section, we regularly use the mod-
erateness of w = (®~!) to obtain estimates w(t + m) < w(m)v(r). Clearly, we
can exchange the roles of w and v, to obtain estimates in terms of v(m) instead of
w(m). With this simple change, we can recover all the presented results in the setting
where 0 € L%/E(R) and natural decimation factors take the form a,, = a/v(m), for

some a > 0. Adapting the proofs amounts to simply exchanging the roles of w and v.
Furthermore, V (1, T1) must be exchanged for W (o, 71) := ® ' (11) — ®~(19), in
the statements and proofs of Corollary 4.5, Lemma 4.13 and Theorem 4.11.

5 Warped Filter Banks for Digital Signals

We now turn our attention to discrete signals, i.e., sequences x € 02 (Z), the customary
setting for studying filter banks. The discrete time Fourier transform (DTFT) x(§) :=
Fax(@E) = >, x()e2miE/Es g g bijective map between 02(Z) and L2(T), where
T = R/Z is often identified with the interval D; = (—1/2, 1/2].

One straightforward method to construct warped filter banks on ¢%(Z) would be
to identify L?(T) with L?>(D,) and consider a warping function ® : D — R for
some finite interval D C Dy. The elements of the warped filterbank are obtained as
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in Definition 3.4, but using the inverse DTFT _7-'d_1 in (10) instead of ! and integer
decimation factors a = (a;;)mez C N. When constructing warped filter banks in this
fashion, frame-theoretic properties of the discrete warped filter bank are inherited from
its continuous counterpart. Note that rational decimation factors can be achieved [46],
but will not be considered here.

In practice, the construction outlined above has a significant drawback: Despite
the frequency domain being finite, the number of filters g, is still infinite. It is more
common, e.g., in the construction of constant-Q [7] and gammatone [58] filter banks,
to restrict the desired frequency scale to an essential range B = [Emin, Emax] S Dy,
outside of which processing, i.e., modification, of the signal content is not desired.
Then, a filter g, is only considered when its essential support has significant overlap
with E. Filters g, with essential support partially or fully outside D, are discarded.
However, the filter banks so constructed are badly conditioned, or do not form frames
for L(T) at all. More specifically the lower bound A in the necessary condition

1
0<A<) —lgn®)|* < B < oo, forall§ € Dy,
am
m

see Proposition 4.3(ii), is very small, such that A <« B, or A = 0. The above necessary
condition can be satisfied by designing additional filter(s) to cover the range Dy \ E,
see [41,54].

In the following, we describe one possible method to obtain discrete warped filter
banks by restricting a warping function & to (a subset of) D;, a summary and update
of work previously presented in [42]. Although not strictly necessary, we will make
the additional simplification to consider a prototype 6 with supp(9) C [c, d] and
&1 (E+[e, d]) C Dy. With this assumption, we can forgo the cumbersome treatment
of discontinuities and other undesired effects at the periodic boundary of T. Let ® :
D — R be a warping function and define

Mmax = max{m € Z: df‘(m) e Bl+1

Mmin = min{m € Z: ® '(m) € 2} — 1.

For mmin < m < Mmay the frequency responses g,, € L?(D) are given by the trivial
restriction

gm (&) = Jau(T,,0)0 (&), forae.& e Dy. 42)
Assume that
0<A<) [Ty’ < B <o, aconR. (43)
meZ
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Then, it is expected that

- 1
0< A< Z —|gm|2, a.e.on &, 44)

m
m=mmin+1

for some A ~ A. On Dy \ E, however, the restricted sum in (44) decays to 0. This
deficiency can be overcome if we define

12
By (€) 1= (ammm_l > |<Tm9>o<1><s>|2> and

m<Mmin

12 (45)
Gt () 1= (ammm > 1(Tu) o ©(§)|2> . forall § € Dy,
mM>Mmax
for some a,, € N. Then, with the constants A, B as in (43),
Mmax 1
0<A< Z —|gm|*> < B < 00, a.e.on Dy. (46)
M=Mmin 4m

As in the continuous case, the decimation factors a,,, and consequently the normaliza-
tion of filters g, are often fixed post-hoc. Note that, inserting warped filters in (46),
the decimation factors cancel and thus do not influence the bounds A, B. The role of
8mmins 8mmax 1S t0 preserve the signal information in the frequency range Dy \ E. The
proposed definition (45) prioritizes (46) over other properties of g5 Smmax> €8
smoothness at the periodic boundary of T. Clearly, it is possible to restore the lower
bound in (46) with other filter constructions and/or a refinement of (45). Nonetheless,
(45) provides a straightforward method to preserve the bounds of (43).

After the obvious changes, the necessary and sufficient conditions in Proposition 4.3
translate one-to-one to the discrete case, such that the property (46) is the crucial step
to obtain warped filter bank frames for ¢2(Z). In particular, we can apply Proposi-
tion 4.3(iii) to find that, whenever (46) holds and

ar;1 > (I)_l(d +m) — q)_l(C + m), forall mpin < m < Mpax, (47)
Gy = 7N+ mmin) +1/2,and @y > 1/2 = @7 et mia), (48)

then the discrete filter bank obtained from (g,)me[muin, mmax] A9 (@n)melmmin, mmax] 19
aframe with bounds A, B. If the decimation factors a,, do not satisfy (47) or (48), then
(46) is no longer a sufficient frame condition. But if 6 is continuous, then the frame
bounds depend continuously on the choice of a,,. This can be seen in the discrete
analogue of Proposition 4.14 (derived again from [44, Proposition 3.7]):
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Mmax 1 Mmax 1 am—1
co>Bz= Y —lgal’£ Y | —lgnl D Tya,znl| = A
M=Mmin Gm M=Mmin m =1

> 0, a.e.on Dy (49)

is sufficient for the frame property. Note that in (49) (and only there),
T, denotes circular translation on T, such that the inner sum contains exactly
ap, — 1 shifted terms. If the sampling density is to be reduced, we suggest choosing
am = | (@ (d+m)— DV (c+m))~!], for some B > 1 and muyin < m < Mmax.
This sampling scheme can be motivated, see Corollary 4.5 and Theorem 4.11, as being
close to natural decimation factors. If E C Dy, then increasing the decimation factors
Agin s Ammax ADOVE the bounds in (48) leads to quickly deteriorating frame bounds and
must be handled with care.

For some exemplary frequency responses, derived from the warping functions intro-
duced in Examples 3.6-3.9, see Fig. 2a. Note that ®q,¢ corresponds to Example 3.9
with @ = 1/2. In Fig. 2b, we show time-frequency plots of a test signal with respect
to the same warping functions.

5.1 Experiment: Frame Bound Ratio and Estimates for Varying Redundancy

The results in this section, as well as Fig. 2, can be reproduced using the code provided
at http://ltfat.github.io/notes/049/.

The redundancy of a filter bank for 52(Z) is given by Creq = ), a,, I where the
sum is over all frequency channels. A filter bank is critically sampled if Creq = 1

22 22
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(a) Frequency responses of warped filters (with low- (b) Time-frequency plots of a short piano and vi-
pass filter gmin, see (45)). The visualization was olin excerpt. Color indicates intensity is in dB, the
restricted to the frequency range 0 Hz—1.2 kHz. colorbar is valid for all plots.

Fig.2 Warped filter bank examples for sampling rate £ = 44,100: (top-left) ®og (§) = 101og(§ /&s), (top-

right) Gery (§) = 9.265 sgn(§) log(1 + [ /5¢1/228.8), (bottom-left) Pyqri(§) = sgn() (VT F [6/&] — 1),
(bottom-right) ®1;,(£) = £/100. Placement applies to subfigures (a) and (b). For subfigure (b), warping
functions were scaled using (8) with a = 4, to increase the filter density
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and oversampled if Creq > 1, see [6]. At Creq < 1, the filter bank is undersampled
and can never be a frame [39,45,48]. However, excessive oversampling is usually
undesired, as well. Warped filter bank frames may require considerable oversampling
when decimation factors according to (47) and (48) are chosen. To illustrate this,
assume supp(f) = [c,d] and O(r) > O for all © € (c,d). It is easy to see that
(47) and (48) imply Creq > Y, (supp(gm)). Furthermore, )", u(supp(gm)) quan-
tifies the average number of overlapping filters, since w(T) = 1. Finally, considering
the construction of g,, from integer translates of 6, we obtain ), u(supp(gm)) ~
u(supp(9)) = d —c,i.e., the redundancy is approximately bounded below by the sup-
port size of the prototype 6. From the examples in Sect. 4.1, we can see thatd — ¢ > 3
is not unexpected.

To illustrate that the redundancy can be significantly reduced below
Cred =~ u(supp(@)) without losing the frame property, we computed the frame bound
ratio for different warped filter banks with varying redundancy, see Table 1. Addi-
tionally, frame bound ratio estimates in the style of (49) are provided in parentheses.
For every tested condition, we chose a Hann prototype, see Sect. 4.1, for 6. More
specifically, we chose ¥ as in (27) with ¢co = ¢; = 1/2 and 6 = ¥*(-/3). Hence,
Yom IT,,0|> = 9/8 by (28). The first column represents filter banks with decimation
factors minimizing (47) and (48) (i.e. Creq & 3). Furthermore, we tested at redun-
dancies 2, 3/2, 5/4 and 9/8. Decimation factors for the redundancies below 3 were
chosen according to the sampling scheme introduced after (49), with some § > 1 such
that Creq = ), a,;l matched the desired redundancy closely. Even for redundancy
as low as 9/8, the frame bound ratio! is significantly smaller than 10. Considering the
estimate (39) in the proof of Lemma 4.13, it is noteworthy that, for fixed redundancy,
the dependence of the frame bound ratio on the warping function ® seems to be quite
limited.

Complementing the numerically obtained ratios in Table 1, we computed the esti-
mates used to prove Theorem 4.11, with ®1¢(§) = 10log(§) and 6 a Hann prototype
with R = 3 as before. Since 6 is compactly supported, € in the estimate (39) is arbitrary,
but the constant C;C, changes with €. We only considered the setting a,, = ay,/w(m)
with ay, as in Corollary 4.5, where we know that in fact Pg g 4 = 0, see (34) for the
definition of Py g 4. Fore = 1,2,3,4,5, Eq. (39) yields for Py g a the upper bounds
10.2, 6.5, 6.6, 8.2, 11.6 (rounded down to the first decimal), such that Theorem 4.11
would not be sufficient to confirm the frame property, although the considered system
is even tight. It might be interesting to note that, for small €, the dominant quantity in
(39) is the first term in parentheses, while for larger €, the constant C;C5 is dominant.
Curiously, the term depending on Av_1 had relatively minor contribution.

6 Conclusion and Outlook

In this contribution, we have introduced a novel, flexible family of structured time-
frequency filter banks. These warped filter banks are able to recreate (or imitate)

! In fact, due to a bug in older versions of the LTFAT Toolbox (http://1tfat.github.io) used for the frame
bound calculations, the frame bound ratios reported in [42] are too large. In Table 1, corrected values are
shown alongside ratios for lower redundancies not tested before.
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Table 1 Frame bound ratios of warped filter banks from Fig. 2a with varying redundancy

Cred(®) 3 2 3/2 5/4 9/8

®lin 1.000 1.220 (1.234) 1.961 (1.982) 3.880 (4.759) 6.868 (10.042)
- 1.003 1.237 (1.243) 1.980 (1.997) 3.938 (4.894) 7.315 (11.135)
Derb 1.000 1.240 (1.249) 1.970 (2.134) 3.860 (5.023) 7.122 (11.323)
Dlog 1.014 1.240 (1.249) 1.973 (2.125) 3.876 (5.019) 7.159 (11.323)

Columns correspond to warped filter banks with approximately equal redundancy. Numbers in parentheses
are estimates obtained by considering the sum and difference, respectively, of the terms in (49)

important classical time-frequency representations, while providing additional design
freedom. Warped filter banks allow for intuitive handling and the application of impor-
tant results from the theory of generalized-shift invariant frames. In particular, the
construction of tight frames of bandlimited filters is easy: It reduces to the selec-
tion of a compactly supported prototype function whose integer translates satisfy a
simple summation condition and sufficiently small decimation factors a,,. Moreover,
the warping construction induces a natural choice of decimation factors that further
simplifies the design of warped filter bank frames. With several examples, we have
illustrated not only the flexibility of our method when selecting a non-linear frequency
scale, but also the ease with which tight or snug frames can be constructed.

The complementary manuscript [43] discusses warped time-frequency representa-
tions in the context of continuous frames, determines the associated coorbit spaces
and the warped time-frequency representations’ sampling properties in the context
of atomic decompositions and Banach frames [28,29]. Future work will continue
to explore practical applications of warped time-frequency representations and their
discrete equivalents, as well as extending the warping method to multidimensional
signals.
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