STABILITY OF ITERATED DYADIC FILTER BANKS
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ABSTRACT. This paper examines the frame properties of finitely and infinitely iterated dyadic filter
banks. It is shown that the stability of an infinitely iterated dyadic filter bank guarantees that of
any associated finitely iterated dyadic filter bank with uniform bounds. Conditions under which the
stability of finitely iterated dyadic filter banks with uniform bounds implies that of the infinitely
iterated dyadic filter bank are also given. The main result describes a sufficient condition under
which the infinitely iterated dyadic filter bank associated with a specific class of finitely supported
filters is stable.

1. INTRODUCTION

This paper is concerned with the frame properties of infinitely iterated dyadic filter banks, as
illustrated in Figure 1. The advent of the multiresolution analysis (MRA) in the late 1980s [24]
provided a fruitful connection between such filter banks and the theory of dyadic orthonormal
wavelets on the line, which, depending on one’s goals, may be exploited in either direction. In
particular, in one direction, it was realized that the masks appearing in the refinement equations of
the scaling function and wavelet naturally give rise to a class of perfect reconstruction filter banks
[16, §5.6]. One advantage of such perfect reconstruction filter banks stems from the fact that they
implement an orthonormal decomposition of the original sequence and thus remain stable under
arbitrarily many iterations. Characterizations of low-pass filters associated with MRA wavelets were
first obtained for trigonometric polynomial filters by Lawton [22, 23] and Cohen [11], eventually
culminating with the complete characterization of low-pass filters by Gundy [18]. Characterizations
of low-pass filters associated with Parseval frame wavelets were also studied [22, 23, 27, 28|.

FIGURE 1. Analysis schematic for an infinitely iterated dyadic filter bank.

Interest quickly developed in a broader class of wavelets and a correspondingly broader class
of low- and high-pass filters which might possess useful properties found to be incompatible with
orthonormal wavelets. This interest motivated the construction of biorthogonal wavelets by Cohen,
Daubechies, and Feauveau [13] in which two pairs of low- and high-pass filters give rise to a pair of
iterated filter banks that are dual to one another and stable under arbitrarily many iterations. As
in the orthonormal case, the perfect reconstruction property shared by the dual pairs of filter banks
is critical to the proof of their stability under iteration. Interestingly, it was discovered that an
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early class of low-pass filters studied by Burt and Adelson [8] were compatible with the construction
of biorthogonal wavelets described by Cohen, Daubechies, and Feauveau [13, §6.C.1].

More recently, Bayram and Selesnick [2] investigated the relationship between the frame proper-
ties of dyadic MRA wavelets on the line and the associated iterated filter banks. In particular, they
proved that if the dyadic wavelet system constitutes a Riesz basis for L?(R) with bounds A, B,
then the finitely iterated dyadic filter bank is a Riesz basis with bounds A/B, B/A for any number
of iterations [2, Theorem 1]. Conversely, they showed that if the finitely iterated dyadic filter bank
is a frame with bounds independent of the number of iterations, then the wavelet system must be a
frame for L?(R) [2, Theorem 7]. In the Discussion section of their paper [2], Bayram and Selesnick
went on to ask:

...what are the conditions, if any, on the filters (directly, that is, without referring
to the scaling function or the wavelet) which will yield a non-perfect reconstruction
system (but will possibly possess other useful properties) and will be stable under
iterations?

In the dyadic case, one answer to this question had already been provided, indirectly, by Han [19,
Theorem 6], who demonstrated [separate] necessary and sufficient conditions on the low- and high-
pass filters for the wavelet ¢ to give rise to a Riesz basis of L?(R). In light of Bayram and Selesnick’s
findings, these characterizations also apply to the corresponding iterated dyadic filter banks. Han’s
approach focuses on a quantity o that is related to both the convergence of the cascade algorithm
as well as the smoothness of the associated scaling function . Han and Jia [20, Theorem 1.1]
subsequently derived a complete characterization of Riesz bases arising from compactly supported
MRA wavelets in higher dimensions in terms of the spectral radius of a certain transition operator.
Although Han and Jia do not explicitly discuss it, their characterization also extends to the stability
of the associated iterated filter banks.

Interest in non-perfect reconstruction filter banks has increased with the widespread use of the
discrete wavelet transform in machine learning applications such as feature extraction or pattern
recognition [1, 3, 32]. In such contexts, reconstruction is seldom required, while the stability of the
filter bank is needed to guarantee the uniqueness of representation. Hence, the present work seeks
to further address the question posed by Bayram and Selesnick by augmenting the understanding
of iterated filter bank frames in two directions. First, the relationship between the stability of an
infinitely iterated dyadic filter bank and that of the corresponding finitely iterated dyadic filter
banks is examined. Theorem 3.2 shows that stability of an infinitely iterated dyadic filter bank
guarantees the stability of the corresponding finitely iterated dyadic filter banks with uniform
bounds. Conversely, Theorem 3.4 shows that the stability of finitely iterated dyadic filter banks
with uniform bounds implies the stability of the associated infinitely iterated dyadic filter bank
provided that the norm of the component due to the low-pass filter tends to zero as the number
of iterations tends to infinity. Second, easily verifiable sufficient conditions on the low- and high-
pass filters are described that guarantee the stability of an infinitely iterated dyadic filter bank and,
consequently, the stability of any finitely iterated dyadic filter bank with uniform bounds. Theorem
5.3 describes a sufficient condition for a broad class of finitely supported filters that guarantees the
stability of the associated infinitely iterated dyadic filter bank. In light of Theorem 3.2, these filters
also give rise to finitely iterated dyadic filter banks which are stable for any number of iterations and
with uniform bounds. Thus, the main contributions of this work are simple sufficient conditions on
the filters guaranteeing the stability of an infinitely iterated dyadic filter bank and a result showing
that the stability of the infinitely iterated dyadic filter bank implies that of any finitely iterated
dyadic filter bank associated with the same filters (with uniform bounds).
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2. PRELIMINARIES

This section develops terminology and notation that will be used throughout the remaining
sections. A frame for a separable Hilbert space H is a collection {e;};c; C H, where J is a
countable index set, for which there exist constants 0 < A < B < oo (called frame bounds) such
that for all x € H,

Aoy < 3 I e < Bz
jed
When it is possible to choose A = B, the frame is said to be tight. A Parseval frame is a tight
frame for which A = B = 1. If only the right-hand inequality holds, the collection {e;}, e is called
a Bessel system and B is called the Bessel bound.
For x € (%(Z) the Fourier transform of x will be denoted by # and is defined as the 1-periodic
function on R given by

2(8) =) w(n)e 7, LeR.
neL
In many cases identities involving such Fourier transforms will be considered on T, identified here
with the interval [—1,2). The convolution of sequences z, h € £2(Z) is defined by

202
(x*xh)(k) = Z h(n)z(k —n), ke€Z,

ne”L

which, under the Fourier transform, corresponds to m(é ) = #(€)h(€). The involution of a
sequence z will be denoted by Z and is defined by Z(k) = z(—k), so that T(¢) = &(€).

The term filter will refer to a sequence in ¢2(7Z) that acts on a signal in ¢2(Z) by convolution.
A generic signal will frequently be denoted by x. The letter A will be used exclusively to represent
low-pass filters, which are assumed to satisfy 2(0) = v/2 and ﬁ(%) = 0. Similarly, the letter g will be
reserved for high-pass filters, which are assumed to satisfy §(0) = 0. Any additional assumptions on
the low- or high-pass filters will be clearly stated in the hypotheses of the corresponding theorem. In
the context of orthonormal wavelets, the high-pass filter is typically constructed from the low-pass

filter by

9(8) = e PMER(E+ 5), (2.1)

so that §(0) = 0 and §(3) = v/2. This choice of high-pass filter will be referred to as the orthogonal
high-pass filter associated with a given low-pass filter h. This assumption will not be used in any
of the theorems in this work, although it will be convenient for examples.

Referring to Figure 1, the rectangular boxes in the block diagram represent convolution with the
filter indicated within. The symbol |5 respresents the downsampling operator D : (*(Z) — (*(Z),
defined by

Dz(n) = z(2n).
The adjoint of D is the upsampling operator U : £2(Z) — (%(Z) given by

Us(n) {:c(m) n = 2m,

0 otherwise.

Under the Fourier transform, these operators correspond to periodization and dilation, and for
j € N obey the identities

291
Diz(¢) =277 Y #277((+k) and  Uiz(§) = 2(2¢).
k=0
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The filter bank analysis operator defined by the filters h, g € £2(Z) and acting on x € (*(Z) is the
mapping F : (2(Z) — D5, (%(Z) defined by

Fixzw— Fo:={(Fr);}72,.
The block diagram of Figure 1 can be restructured to better illustrate the origin of the components
(Fac)j, j € N. Observe that

(Daxh)(k) =Y h(n)z(2k—2n) = Y "(Uh)(2n)x(2k—2n) = > (Uh)(n)z(2k—n) = (D(zxUh))(k),
neEZ neZ neN

relating the action of downsampling and upsampling through convolution. This relationship, one

of the two Noble Identities found in the engineering literature [31], allows the order of the down-

sampling and convolution operations to be reversed, leading to the alternative block diagram for

the infinitely iterated filter bank shown in Figure 2.

S S S A= T ar] S )

FI1GURE 2. Equivalent analysis schematic for an infinitely iterated dyadic filter bank.

The block diagram of Figure 2 motivates a notion of iterated low- and high-pass filters that
account for the consecutive convolution steps in each channel. Let j € N. Define the iterated
low-pass filter of order j by ‘

hj=h*Uhx---xU’"1h, (2.2)
so that

i—1
= h h(2l¢), ¢eR. (2.3)

Similarly, define the iterated high-pass filter of order j by g; = hj_1 * Ui=lg so that
j—2
3i(€) =9(271¢) [T @) = 321 (), €€R. (24)
1=0

Notice that an iterated low-pass filter h; satisfies ﬁj(O) = 2% and ﬁ](%) = 0, while an iterated
high-pass filter g; must satisfy §;(0) = 0. The components (F'z);, j € N, can now be expressed in
terms of the iterated high-pass filters as (Fx); = D’(z *g;). Moreover, notice that

(Fa);(k) = (z+g,)(27k) = Y a(m)g;(m — 27k) = (x,T%*g;),
meZ

where T denotes the translation operator on £2(Z) acting on = € ¢*(Z) by (Tz)(k) = x(k—1). This
calculation shows that the terms of the sequences (F'z); correspond to inner products of the signal
x with specific translates of the iterated high-pass filters. In light of this observation, the infinitely
iterated dyadic filter bank defined by h and g is said to be stable when the collection

{T%%g;:j €Nk € Z}
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constitutes a frame for £2(Z). Equivalently, the infinitely iterated dyadic filter bank generated by
h and g is stable if there exist constants 0 < A < B < oo such that for all x € (2(Z),

Allz|®> <Y lI(Fa),l* < Bll=|l. (2.5)
j=1

The latter formulation of stability will be useful for the examination of the Bessel bound, while the
former description is better suited to the study of the lower frame bound.

3. FINITELY ITERATED DyAaDIC FILTER BANKS

It was observed in the introduction that Bayram and Selesnick related the frame properties of a
finitely iterated dyadic filter bank to those of a related wavelet system. The purpose of this section
is to relate the frame properties of finitely iterated dyadic filter banks to those of the corresponding
infinitely iterated dyadic filter bank. The analysis stage of the finitely iterated dyadic filter bank of
order j generated by a low-pass filter h and a high-pass filter ¢ is depicted in Figure 3. Formally,
the filter bank analysis operator of order j defined by the filters h, g € ¢*(Z) and acting on = € (%(Z)
is the mapping F} : (2(Z) — @J2] (*(Z) defined by

Fj:zw— Fjx —{(Fﬂf)l}l 1

where (Fjz); = DY(z xg;) for 1 <1 < j and (Fjz);+1 = D’(z x h;). Notice that (Fjz), = (Fz),
when | < j, while (Fjz) 41 accounts for the contribution of the iterated low-pass filter of order j.
Following the definition of stability for infinitely iterated dyadic filter banks, the finitely iterated
dyadic filter bank is said to be stable when there exist constants 0 < A < B < oo such that for all
x € (*(Z),

j+1
Allzl <) I(Fjz)l® < Bl
=1

FIGURE 3. Analysis schematic for a finitely iterated dyadic filter bank.

The first result describes a situation in which the stability of the infinitely iterated dyadic filter
bank guarantees the stability of the finitely iterated dyadic filter bank for any number of iterations
and with uniform bounds.

Lemma 3.1. Let h,g € (*(Z). Suppose that the infinitely iterated dyadic filter bank generated by
h and g is stable, with bounds 0 < A <1 < B < co. Then, any finitely iterated dyadic filter bank
generated by h and g is stable with bounds A/B, B/A.

Proof. Let x € ?(Z) and fix j € N. Throughout the proof, the components of (Fjz);, 1 <1 < j,
will be denoted by y; and (Fjz);41 will be denoted by z;. Notice that Fx = {y;}J_, & Fx;. Hence,

j
1Fa|* = ZH Fa)|? = |(Fz)II* + ) llwll*.
=1



The hypothesis implies that Aljz||* < ||Fz|* < Bljz||®>. Since A|z;||* < ||Fz;||*> < Bl|z;||*> and
A <1, it follows that

J j j j
1 1 B
1Eja|® = [+ lwll* < Z|’F!Ej||2+§ lyell* = 1 <||F$|2 - ||yz||2) +> llull* < ZHJ«"HQ-
=1 =1 =1 =1

Similarly, since B > 1, one has

1 J 1 J J A
|Fjz|? > EHF%‘Hz + Z yl|* = B (HFﬂUHQ - Z Hyz!!2) + Z lyll® > EHiﬁHz-
=1 =1

=1

Thus the finitely iterated dyadic filter bank of order j is stable with bounds % and %, as claimed. [

The assumption that A < 1 < B in Lemma 3.1 is critical to the proof, but not the result, leading
to the following theorem.

Theorem 3.2. Let h,g € (*(Z). If the infinitely iterated dyadic filter bank generated by h and g
1s stable with bounds A and B, then the finitely iterated dyadic filter bank generated by h and g is
stable for any number of iterations with bounds min {A, A/B} and max{B, B/A}.

Proof. If A <1 < B, then Lemma 3.1 guarantees that the finitely iterated dyadic filter bank is
stable with bounds A/B and B/A. It remains to consider the cases where A > 1 or B < 1.

Assume that h and g generate a stable infinitely iterated dyadic filter bank for which A > 1.
Define ¢’ = A3 g and observe that the infinitely iterated dyadic filter bank generated by h and ¢’
is stable with bounds A’ =1 < B’ = B/A. Lemma 3.1 implies that any finitely iterated dyadic
filter bank generated by h and ¢’ is stable with bounds A/B and B/A, i.e.,

A 2 2 1 d 2 B 2
Flel? < UEl? + 5 S NE < el

Because A > 1, the left-hand inequality leads immediately to the lower bound A/B for the finite
filter bank associated with h and g. Moreover, multiplying the right-hand inequality by A leads to

J
All(Fja)jial® + D I (Fjanl* < Bll|f?,
I=1
which, because A > 1, leads to the upper bound B for the finite filter bank associated with A and
g.

An analogous argument in the case B < 1 using ¢’ = B3 g leads to the bounds A and B/A
for the finitely iterated dyadic filter bank of order j associated with h and g. Combining the three
cases, it follows that whenever the infinitely iterated dyadic filter bank is stable with bounds A and
B, the finitely iterated dyadic filter bank of order j must be stable with bounds min {A, A/B} and
max {B, B/A}. O

It is interesting that neither the proof of Lemma 3.1 nor that of Theorem 3.2 make explicit use
of the defining properties of the low-pass or high-pass filter. This will not be the case for results
which derive the stability of the infinitely iterated dyadic filter bank from that of the finitely iterated
dyadic filter bank (with uniform bounds), as shown by the following proposition.

Proposition 3.3. Let h,g € (2(Z) and suppose that the infinitely iterated dyadic filter bank gen-
erated by h and g is stable. Then, for every x € (%(Z), ||(Fjz);+1]| — 0 as j — oo.
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Proof. Assume that the infinitely iterated dyadic filter bank associated with h and g is stable with
bounds A and B. Fix x € (?(Z) and let x; := (Fjz);j4+1 and y; := (Fx); for j € N. Observe that

i i
1E2)? = llyl® + 1 Fz1? = Y llyl® + Al >
=1 =1

It follows that
1 o0
lasll? < 5 S il
l=j+1

which tends to zero as j — oo since

oo
> lwll? < Bll=|*.
=1

O

Proposition 3.3 describes a necessary condition on the low-pass filter h that an infinitely iterated
dyadic filter bank associated with h (and some high-pass filter) is stable. It turns out that this
condition is sufficient for the stability of a finitely iterated dyadic filter bank (with uniform bounds)
to imply that of the associated infinitely iterated dyadic filter bank.

Theorem 3.4. Let h,g € (*(Z) with h a low-pass filter and g a high-pass filter.

(a) If the finitely iterated dyadic filter bank generated by h and g is Bessel for any number of
iterations with bound B, then the infinitely iterated dyadic filter bank associated with h and g
is also Bessel with bound B.

(b) If the finitely iterated dyadic filter bank generated by h and g is stable for any number of
iterations with bounds A, B and, for all x € (*(Z), ||(F})j+1z| — 0 as j — oo, then the
infinitely iterated dyadic filter bank generated by h and g is stable with bounds A and B.

Proof. Fix = € ¢?(Z). If the finitely iterated dyadic filter bank generated by h and g is Bessel for
any number of iterations with bound B, then

D E)? =Y I(E)l? < Bl
=1

=1

for each j € N. It follows that ||Fz||? < B||z||?, which completes the proof of (a).

Now assume that finitely iterated dyadic filter bank generated by h and g is stable with bounds
A, B for any number of iterations and that ||(Fjx);+1| — 0 as j — oco. The upper bound follows
from (a). The stability of the finitely iterated filter bank implies that

J
S NED? > A2~ [[(Fyz) )
=1

for each j € N. The additional assumption that ||(Fjz);41]] = 0 as j — oo thus guarantees that

DI Fz)l? > Allz)?,
=1

completing the proof. O



In light of Proposition 3.3 and Theorem 3.4 it is natural to consider what properties of a low-pass
filter h will guarantee that ||(Fjz);j41] — 0 as j — 0. Towards this end, define H : (2(Z) — ¢*(Z)
by

Hzx = D(xzxh), (3.1)

so that (Fjz);+1 = H’z. Let U, L € N, represent the subspace of ¢?(Z) consisting of sequences
supported on {k € Z : |k| < L}. Notice that if h € Ur, then Uy, is an invariant subspace under H
and, moreover, for any finitely supported sequence x, H’z will belong to Uy, for sufficiently large
j. Notice that if h,xz € Uy, then

L
(Hz)(k) = Y h(m)x(2k —m)

m=—L

can be nonzero only when |2k — m| < L. Hence, H has the following matrix representation on
UL7

Hax(-L) h(~L) 0 0 0 0 0 0 0 z(—L)
He(=L+ 1| p(~L+2)h(~L+1) h(-L) 0 0 0 0 0 #(=L+1)
Ha(0) | = h(iL) WL-1) WL-2) RL-3) - h(—L+3)h(-L+2)h(-L+1) h(%L) 2(0)
Ha(L—1) 0 0 0 0 0 hL)  h(L—1) h(Lv—2) l.(L:, 1
Haz(L) 0 0 0 0 0 0 0 h(L) (L)

The following proposition describes a simple sufficient condition on a finitely supported low-pass
filter that H is a contraction on Uj,.

Proposition 3.5. Let h € Uy be a low-pass filter and suppose that h(k) > 0 for each |k| < L.
Then, H is a strict contraction on Up,.

Proof. On Uy, the operator H can be represented by a (2L + 1) x (2L + 1) matrix, as illustrated
earlier. Observe that the column sums of this matrix must equal either

> h(2k)  or > h(2k+1).
kEZ kEZ

However, because h is a low-pass filter, it follows that h(0) = v/2 and il(%) = 0. Thus

L L
> h(k)=v2  and > (=DFn(k) = 0.
k=—L k=—L
It follows that )
h2k) = h(2k+1) = —,

1

so that every column sum is equal to Moreover, because each entry in the matrix is non-

4

negative,
1
Hyi| = —
§| k]| \/i

for each column j. Therefore, the Gershgorin disk theorem implies that any eigenvalue A of H
(restricted to Up) must satisfy |A| < %, showing that H is a strict contraction on Uyp,. O
Proposition 3.5 describes a specific scenario in which the stability of the finitely iterated filter
banks (with uniform bounds) ensures the stability of the infinitely iterated filter bank.
8



Corollary 3.6. Let h,g € (*(Z) with h a low-pass filter and g a high-pass filter. Assume that
h € Ur, and h(k) > 0 for each |k| < L. If the finitely iterated dyadic filter bank of order j generated
by h and g is stable with bounds A and B (independent of j), then the infinitely iterated dyadic
filter bank generated by h and g is stable with bounds A and B.

Proof. Fix ¢ > 0. Let x € (*(Z) and choose x¢g € (*(Z) to be finitely supported and satisfy
|z — 0| < e. The fact that h € Uy, implies that Hzg € Uy, for sufficiently large j. Thus, by
Proposition 3.5, it follows that ||(Fjxo);j4+1] — 0 as j — oo. Moreover, because the finitely iterated
dyadic filter bank of order j is stable with bounds A and B (for any j), it follows that

lim [(Fjz)j4|| < lim (|(Fjz = @0)j11]l + | (Fjwo)j11l) < VBe.
j—00 j—o0

Because € was chosen arbitrarily, it follows that ||(F;x);+1| — 0 as j — 0. Hence, by Theorem 3.4,
the infinitely iterated filter bank generated by h and g is stable with bounds A and B. O

4. A SUFFICIENT CONDITION FOR THE BESSEL BOUND

The goal of this section is to give sufficient conditions for an infinitely iterated dyadic filter bank
to satisfy a Bessel bound. In some cases, this can be derived from properties of the associated
scaling function and wavelet, see [2, Theorem 1]. However, the goal of this work is to avoid any
such assumptions.

The dyadic downsampling and upsampling operations on ¢?(Z) play the role of dilation with an
iterated filter bank, motivating the examination of the Fourier transforms of the iterated filters on
dyadic annuli. Let A;, [ € N, denote the dyadic annulus

Ay={ceT: 27 < g <271},
It follows that for any = € (2(Z),

lz]|* = Z I 1, 1%

The next two lemmas are adapted from many constructions of both orthonormal and biorthogonal
wavelets [12, 13, 16] in which the low-pass filter assumes the form

o =v2 (1) o),

where n € N and p is a trigonometric polynomial satisfying p(0) = 1. In particular, the essence
of each lemma can be found in [13, Proposition 4.8] and its proof. The estimates provided by
these lemmas will be used to bound ]ﬁ]| on the annuli A, which facilitates the derivation of Bessel
bounds for the iterated filter bank.

Lemma 4.1. Let j be a positive integer, then for & € [—3, 3],

) 1

Proof. Assume throughout the proof that £ € [—3,3]. The finite product (4.1) can be calculated
using the trigonometric identity 2 sin x cosx = sin (

H 1+ 62m2k§

k=0

J—1 1 + e2mizke
[[——

k=0

7j—1

H ‘cos 7r2k§ ‘ 1_[1
9

sin (m2F+1¢) ’ _

sin (727¢)
2 sin (w2k¢) ‘

27 sin (w€) |’




The numerator of this expression is obviously bounded by one, so the next step is to bound the

denominator away from zero. Observe that for any ¢ € [—1, 1] one has |sin (7€)| > 2|¢| and thus
ﬁ 1 4 e2mi2ke 1
= Sl
e 2 2]

However, (4.1) is also a product of factors which have modulus at most one, so
izl 4 e2mi2ke
2

k=0
for all £ € [—3, 3. O

It is evident from Lemma 4.1 how the “cosine factor” in the low-pass filter leads to a natural
decay for |hj| on the annuli A; with [ < j. The next lemma focuses on the second factor, p(¢),
which must be controlled adequately for the iterated filter bank to yield a Bessel bound.

Lemma 4.2. Let p be a trigonometric polynomial satisfying p(0) = 1. Assume that there exists

se€ N and 0 < € <n such that )
o

sup | [ »(2*¢)

S
Then, there exists C7 > 0 such that for all j,l € N,

=0 B > 7.

Proof. Write p(§) = Zmezpme*%img and, using an argument of Daubechies [16, §6.2, p. 175],
observe that

< gn=es, (4.2)

sup (4.3)

§EA,

<1+ Z 2|pr, sin (mm§)].
meZ

PO <1+|p&)—1]=1+

Z P (6—27rim§ - 1)

meZ

Only finitely many p,, are nonzero, so the estimate | sinz| < |z| leads to

[p(E)] <1+ Café] < e
for some Co > 0. If, for some K € N, 25-1|¢| < %, then
K-1
H Ip(2F¢)| < eCoUElH2AeH-+257NED) < Co = oy
k=0
Therefore, if £ € A; with [ > j, it follows that 277 1[¢] < % and thus

7j—1
[ 12"l < Cs.
k=0

However, if ¢ € Ay with 1 < I < j, then 2/71|¢| < 3, but 2¥[¢| > § for k > [. In this case, the
factors with & > [ must be controlled using (4.2). There are j — [ such factors and it is possible to
organize the factors into at most |(j —[)/s] groups of size s, excluding at most s — 1 factors. The
product of any left-over factors can be bounded by some C4 > 1, leading to the estimate

j—1
[T Ip(25¢)] < C3Cy20-0=9)
k=0
for £ € A, 1 <1< j. Letting C7 equal C3Cy4 completes the proof of (4.3). O
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Recall from Section 2 that the filter bank analysis operator produces sequences (Fz); = D7 (x x
ﬁj), j € Z. Given any sequence z € £?(7Z), one can decompose its Fourier transform as

B(&) =) (&-14)(6), €T

leN
The next proposition examines the contributions stemming from each dyadic annulus in this de-
composition under downsampling.

Proposition 4.3. Let za,, | € N, denote the sequence in (*(Z) such that 24,(§) = |& - 14,(€)|.
Then, for each j € N,

, 2~ 2 1<1<y,

Doz < 2 ol <1< (@0
27 lzn I 1>

with equality when 1 > j.

Proof. Observe that

. 2

27 -1

| Dia, |2 = /?r 293 d, 2+ R)| de.
k=0

If | > 7, then at most one of the terms in the sum is nonzero for each &£, leading to

27 -1

1
DIz, |2 = / 274 3" |, (277 (€ + K)) [ de
k=0

271

2—j
(€m2ie) =279Y / [, (€ + 277 k)2 de
k=0 Y0

= 277|zp, |17

If 1 <1 < j, then ||Dixy,||? = ||D'~!Dlzy,||* and, because downsampling is norm-reducing, it
follows that
1D, | < [1D'2, |? = 27 |z, |12, 1< 1<
([l

Combining Proposition 4.3 with Lemmas 4.1 and 4.2 leads to a sufficient condition for the
chosen class of filter banks to possess a Bessel bound. The next theorem is an analog of a result
due to Cohen, Daubechies, and Feauveau [13, Lemma 3.4 and Proposition 4.8] in which the same
assumptions on the low- and high-pass filters are shown to guarantee that the corresponding wavelet
system is a Bessel sequence in L%(R).

Theorem 4.4 (Bessel Bounds). Let h € £2(Z) be a finitely supported sequence of the form

R 627ri§ n
e = v |25 ate), (1.5)

where n € N and p is a trigonometric polynomial satisfying p(0) = 1. Let g € (%(Z) be finitely
supported and satisfy g(0) = 0. If there exists s € N such that

s—1

[1r2%0)

k=0

sup < 2("_%)5, (4.6)

£eR

then the infinitely iterated filter bank generated by h and g is Bessel.
11



—

Proof. The idea of the proof is to split |(Fx) j(§)|2 across the dyadic annuli A;, [ € N, and relate

the pieces to terms in the sum

l=]|* = ZH%Ale

The argument will be divided into a number of steps in order to improve the overall clarity of the

proof.

1. The squared modulus of (?’;) ; can be expressed as follows:

27 -1 2
(Fx) (O =27 Y 2277 (£+ k)g;27 (€ + k)
k=0
211 2 ' 27 -1 '
=D 27> (@G- 1) @E+R)| < D27 sup (5] Y 18, (27 (€ + R))
leN k=0 leN  §€A k=0

2. A bound on |g;| over A; will be obtained based on the assumed form of the low- and high-pass
filters. Notice that (4.6) implies that there exists ¢ > & such that (4.2) holds. Therefore, in

2
light of (2.3), it follows from (4.5), Lemma 4.1, and Lemma 4.2 that

. C 20D/ 29(H1=0)e 1 <] <j—1,
sup |hj—1(€)] s{ ' ==

ceA, 012(j_1)/2 l>7—1.

Define

G, = sup |g;(§)]
§EA;

Gj < <Sup \hj—1(€ )|) : <SUP g(27~ 1§)|> -
EEA §EA

and observe that

Given that ¢ is finitely supported with g(0) = 0, it follows that there exists C5 > 0 such that

|G(€)] < min{C5, C5[¢|} and, therefore,
19(27716)| < min {C5, C527 (¢}
Combining all of the estimates leads to

062(j—1)/22(l+1—j)6 1<1<j-—1,
G < Cp20=1/29i=1=1 |5 j 1,

where Cg = C1Cs.
3. Choose ¢ such that 0 < § < 2¢ — 1 and define C}; by

20H1=00 1 <1< -1,
Cii =\ j-i-1 -
27 [>7-1.

It will be important that ), Cj; < C (independent of j), which is justified by the following

calculation:

> Ciu= 22““ 7) +Z2J —i-1 22 P4y 2l <o
leN leN
12



4. The two previous steps can now be incorporated in the initial calculation to show that

. 2
27 -1
(Fz);(&)” < 22 Jsup GO 124,277 (6 + K)))|
leN k=0
. 2
27 -1
= ZF 2JZ|xA2ﬂf+k>>\
]7 l
| leN V Jv k=0
G2l 27 -1 2
]7
< (Z%) Zcﬂ 2~ JZ 24, (279(€ + k)|
leEN leN
2
G | 27 -1
<C Z(f 277> a7+ R ]
leN It k=0

where the Cauchy-Schwarz inequality was used in the next to last step.

5. Integrating |(F/;)] (€)|? over T leads to an expression for ||(Fx);||* and thus

> l(Fz) ||2<CZZ ! HDJ all*.

jeN leN j=1

It remains to incorporate the definition of Cj; as well as the estimates for g;; and || D7y, |2
This leads to

YolFE), P <cy ZW P+ Z o092 709, |
jeN leN |j=1 j=1+1
[ l . o0 .
:C,Z Z2—j+228—522(1+5—26)j ||$Al”2
leN | j=1 Jj=1

o0
(because 2e —§ > 1) < C’”Z | 2a, |12
=1
=C"||z|*. O
The hypotheses used in Theorem 4.4 also guarantee that the norm of the component of a finitely
iterated dyadic filter bank due to the iterated low-pass filter h; tends to zero as j — oo.

Proposition 4.5. Let h € (*(Z) be a finitely supported sequence of the form (4.5), where n € N

and p is a trigonometric polynomial satisfying p(0) = 1. If there exists s € N such that (4.6) holds,
then, for all x € (*(7Z),

(a) [|[(Fjz)j1)| = 0 as j — oo and
(b) there exists C' > 0 such that ||(.Fj.56)j+1||2 < O'||z||?* for each j € N.

Proof. The structure of the proof follows that of Theorem 4.4 using a finite decomposition of T.
Fix j € N and write

i .
A 1<1<j—1
T=JB, whereB =1, " =t=lTe
— Umszm =7
13



Observe that
2

27-1

EDswall = [ 27 Y ateie+ mbyEie+ )| de
T k=0

. :

<[22 Y [@ byt 0| ae
Tli=r k=0

27 —1

J
b (€)|270 b (97
SA;%;;EWAQD > s+ k)| de

k=0

where &y, = |2 - 1p,|. Based on the assumed form of the low-pass filter and the fact that p satisfies

(4.2) for some € > % it is possible to choose § such that 0 < § < 2¢ — 1. By Lemma 4.1 it follows
that

: n
J—1 14+ e27ri2k§

5 <2l=n  ¢ceB, 1<1<j

k=0
Similarly, Lemma 4.2 implies that
j—1
112"
k=0
Combining these estimates with (2.3) and (4.5), one has

< 02U ce B, 1<1<]

- 2
j 271
()] < (01)2/ 22“ DePPoI N Nam |27 (E+ R))I| de
T =t k=0
- 2
271
< (01)2/ 220 3)6/29(1=3)(e=6/2)95/29=] Z g, |27 (€ + k)| de
Tli=1 k=0

2

7 271
(Cauchy-Schwarz) < (Cp)? / (Z (=i ) Zz )(2e=0)97 | 9= Z |2p,(279 (€ + k) de.
T \i=1

Noting that the first sum is uniformly bounded in j and integrating over T leads to

(E) 4 <C’Z2 J@=0)||2 DIz, |?
=1

(Proposition 4.3) < C'ZQ )2e=3=1) ||z |2

—0’22 Jemomy IIwAl||2+C’ZHxAl||2

l=j
Fix o > 0 and x € (%(Z). Since

2l =D llza, I,

leN
14



it follows that there exists L € N such that

D laal? <o

I>L
The previous calculations imply that
L—1 00
— I— 65—
”(Fjl')j+1|‘2 < CI2L ]22( L)(2e 1)||$Al||2+0,2||$A1||2>
I=1 I=L

so that
lim [|(Fjz);41]% <o
Jj—0o0

Since o was chosen arbitrarily, it follows that ||(F}jz);4+1]| — 0 as j — oo, completing the proof of (a).
Notice that (b) is an immediate consequence of (a) by the Principle of Uniform Boundedness. [

5. A SUFFICIENT CONDITION FOR THE LOWER FRAME BOUND

This section examines finitely iterated dyadic filter banks from the vantage of the theory of shift-
invariant spaces, as studied by Helson [21]. The study of shift-invariant spaces can also be based
on the characterization of the commutant of the shift operator that was given by von Neumann
[17]. The extensive study of shift-invariant subspaces of L?(R) produced a general framework for
the theory of shift-invariant spaces [4, 5, 6, 25, 29, 30], which was later broadened to the theory of
shift-invariant and translation-invariant spaces on locally compact abelian groups [7, 9, 26]. Recall
that the filter bank analysis operator of order j defined in Section 3 maps a signal x € £2(Z) to the
sequences (Fj);, 1 <1< j+1, where

(Fju(k) = (D'(z * gi) (k) = (2, T**q), 1<1<j,

and
; - I
(Fj)j1(k) = (D (x  hy) (k) = (2, T *hy)

for k € Z. 1t is apparent that the stability of a finitely iterated dyadic filter bank of order j can
be understood in terms of the frame properties of a 27Z-shift-invariant system in ¢?(Z). More
specifically, if ®; is defined by
i—1
’ gjflzgjvhj}’ (5'1)
then the finitely iterated dyadic filter bank of order j is stable if and only if the collection {T2jk¢ :
keZ, ¢ € ®;}is a frame for (%(Z).

At the heart of the shift-invariant theory of ¢2(Z) is the fiberization mapping 7 : (*(Z) —
L*(T,C?") defined by

j l j _ol
(I)] = {917T2gla"°7T2j 2917"'aglaT2 gl)"'7T2] zgla”"gj*l?j—‘2

Ta(€) = (27507 (€ +m)) £eT.
The mapping 7 is an isometric isomorphism [9, Proposition 3.3] and facilitates the study of frame
properties for shift-invariant systems in terms of the finite-dimensional frame properties of the
corresponding fibers in C?'. Given a finite collection ® = {¢,,}N_; C (2(Z), the shift-invariant
space with period 27 generated by ® is defined by

Soiz(P) = span{Tijqﬁn ckeZ,1<n< N}

It will be convenient to adopt the following notation to denote the 2/Z-shift-invariant system
generated by @,

0<m<2i-1’

Eoip(®) = {T?*¢: k € Z, ¢ € D}
15



The pre-Gramian associated with ® is the 2/ x N matrix-valued function on T whose nth column
is given by T ¢, (£). The pre-Gramian will be written as 7g so that

(To)mn(€) = 2724,(279 (¢ +m)).

The Gramian associated with ® is defined by Go (&) = T4 (£)Ta(€). The Gramian matrix plays the
role of the Gramian operator on the fibers and facilitates a characterization of the frame bounds.
The following result follows from a more general theorem due to Cabrelli and Paternostro in the
context of locally compact abelian groups [9, Proposition 4.9].

Proposition 5.1. Let ® = {¢,}_, be a finite subset of (*(Z). Fiz j € N and positive constants
A, B such that 0 < A < B. Then,
(a) The collection Eqj7(®) is a Bessel sequence with constant B if and only if

(Ga (&), c) < Blle|?

for almost every € € T and every ¢ € CV.

(b) The collection Eqj7(®) is a frame for Syiz(P) with constants A and B if and only if
Allel* < (Ga(€)e, ) < Bl
for almost every € € T and every c € CV.

The frame bounds of multi-channel oversampled filter banks were previously characterized by
Cvetkovié and Vetterli in the mid-1990s using the polyphase approach [15]. It is not surprising, but
worth mentioning, that the polyphase matrix can be written as the matrix product of a specific
paraunitary matrix with the pre-Gramian matrix defined above. The next lemma establishes a
simple condition on the low- and high-pass filters guaranteeing that the shift-invariant space Sy;z(®)
associated with the finitely iterated dyadic filter bank of order j will coincide with ¢?(Z). This
lemma holds for h,g € ¢?(Z), but will be stated only for finitely supported filters because the
general result is not needed here and its proof relies on the range function.

Lemma 5.2. Let h, g € (*(Z) be finitely supported with h a low-pass filter and g a high-pass filter.
If

h(E/2)4(/2+1/2) — §(€/2h(€/2+1/2) #0, €€T, (5:2)
then Syiz(®) = (*(Z), where ®; is defined according to (5.1).
Proof. Tt will first be shown that Saz(®1) = £2(Z). Let dp represent the element of ¢2(Z) such that

90(0) = 1 and do(k) = 0 for k # 0. It is sufficient to prove that §y and 7'dy belong to Sz (P1).
Observe that dy € Soz(®1) if and only if there exist ¢, d € £2(Z) such that

o= c(m)T?™h+ > d(m)T*™g
meZ meZ
or, equivalently,
1= &(26)h(&) + d(26)3(¢)-
The i-periodicity of ¢(2¢) and d(2¢€) leads to the matrix equation
[AMQ 3(6) ]F@a]:[q e,
h(E+3) 9(€+3)] [d(20) 1]’
Observe that (5.2) guarantees a solution for which ¢, d € ¢?(Z), since the determinant of the 2 x 2

matrix must be bounded away from zero. Similar reasoning shows that T'dy belongs to Saz(®1).
16



Suppose now that Sz (®;) = (%(Z). In order to show that Syj+17(®j11) = £3(Z), it is sufficient
to prove that h; and T% h; belong to Syi+17(®;41). In particular, the equation

hi(k) = Y em)T* hypa(m) + Y dm)T>" g (m)
meZ meEZ
is equivalent to
hj(€) = (2T )hja(€) +d(27T€)gj(6), €€T.
However, the product formulas for the iterated filters allow for the reduction to
1= (@O +dFH)§(E), ae e,
since ﬁj,l(ﬁ) # 0 almost everywhere. Evaluating at & + 277 leads to the matrix equation
[ h(2€) 9(2¢) } {¢(2j+15>]
W2 (E+1/2)) §(27(6+1/2))) [d(27H1)
which, after the substitution 27¢ + ¢ is equivalent to
h(€) 3(¢) ][a%q [1
) A = , ae e
et ae ) o) = 1]+ oo
As above, (5.2) guarantees that the sequences ¢ and d will belong to ¢*(Z), showing that h; €

Soj+17(P®j41). Similar reasoning applies to 7% hj. Combining this inductive step with the fact that
So7(®1) = £*(Z) completes the proof. O

= [ﬂ , a.e e,

The condition (5.2) of Lemma 5.2 does not represent a significant restriction on the class of
suitable filters for the construction of stable infinitely iterated filter banks. In fact, if the high-pass
filter g is chosen according to (2.1), then (5.2) is equivalent to

R+ |h(E+ )P #£0, €T,

which is automatically satisfied when |h(€)| > 0 for |¢] < 1/4. It is now possible to describe
sufficient conditions under which the infinitely iterated dyadic filter bank frame associated with
low-pass filter h and high-pass filter g is stable.

Theorem 5.3. Let h,g € (*(Z) with h a low-pass filter and g a high-pass filter. Assume that h
is of the form (4.5) with p a trigonometric polynomial satisfying p(0) = 1 and that g is finitely
supported. Suppose there ezists s € N such that (4.6) holds and

L[ g©  h
M) :=—1|. “ 5.3
O=Tlac+y b+ )
is expanding in the sense that | M (&)c|| > ||c|| for all ¢ € C? and almost every & € T. Then, the
infinitely iterated dyadic filter bank generated by h and g is stable.

Proof. The strategy for the proof is to show that the finitely iterated filter bank of order j is a
frame for ¢2(Z) with uniform bounds and then leverage Theorem 3.4(b) to deduce the stability of
the infinitely iterated dyadic filter bank. Towards this end, fix j € N. Theorem 4.4 implies that
the infinitely iterated dyadic filter bank generated by h and g is Bessel with constant, say, By > 0.
Meanwhile, Proposition 4.5 guarantees that there exists By > 0 such that ||(Fjz);4+1]|? < Bal|z|?
for every x € £2(Z) and all j € N. It follows that

J
I(Fj)jaall® + Y I (Fgal® < (By+ Bo)l?
=1
17



for every x € ¢?(7Z), showing that the finitely iterated dyadic filter bank of order j generated by h
and g is Bessel with bound B = B; + By. Equivalently, this argument shows that E,;7;(®;) is a
Bessel system in ¢2(Z) with bound B, independent of j.

The fact that the 2 x 2 matrix of (5.3) is expanding almost everywhere and its entries are
trigonometric polynomials guarantees that it is non-singular for all £ € T. Consequently, (5.2)
holds and Lemma (5.2) guarantees that Sy;;(®;) = ¢2(Z). Thus, the lower frame bound of Eq;z(®;)
with respect to £2(Z) can be determined by examining the Gramian, Go,(£). Recall that the set of
generators ®; includes the iterated low-pass filter h; along with certain translates of the iterated
high-pass filters g1, g2,...,9;. More specifically, there are 27=L generators associated with the
iterated high-pass filter g;, namely, ¥; := {Tzlkgl :0 < k <2772}, The pre-Gramian T, can thus
be written in block form as

To, = [T, Tw, -+ T, Thyl,

where Ty,, 1 <1< j, is a block of size 2/ x 2/~!. Observe that Ty, (£) is equal to

a(277¢) e2m2 gy (277¢) e 2mi2 02 g, (97ig) o e 2mi2 2Dt (9-d¢)
i | BE7ERD) e E N g (27 (64 1)) PTG (4 ) e T RTENE g (27 (6 4 1)
gl<2—j(£ 497 — 1)) efzm‘zH(5+21—1)fn(2—j(€ +21 —1)) 8—2m’2’*]2(5+21—l)gl(g—]((£ 490 — 1)) - 672m‘2*7(27*’71)(&2771).{71(271'(5 497 1))

which admits the factorization Ty, (&) = Xy, (§)F;—1(€), where Xy, (€) is the 2/ x 29-! matrix

[ a(279¢) 0 0 .
0 a77(&+1)) 0
0 : 0
0 0 G2 +21 1))
a(279(e+277h) 0 0
0 a(279(E+ 2771+ 1)) 0
Xy, (6) =274 : 0 ' :
‘I'L(E) = 0 .
0 0 a2+ 2 1)
(2 (g +21 —270)) 0 o ;
0 (279 (E+27 - 27+ 1)) 0
. . _
0 : 0
. 0 0 aEiE+2 -1) |

and Fj_;(§) is the 27~ % 27=! Fourier matrix

1 e—2mi2!Ig e—2mi2!7I2¢ .. e—2mi2! 9 (2771 -1)¢

1 e—2mi2! I (6+1) e—2mi2! TI2(6+1) . e—2mi2! I (217 1) (6+1)
Fi—i(§) = : : :

1 e 2mi2TI(E+27TI-1) 2wt i2(e+2 1) 2wl (207 1) (64297

Notice that Xy, is a vertical stack of 2! diagonal 297! x 277t matrices. This factorization extends
to fiberization of ®; as T, (£) = X (£)F(€), where

X =[Xy, Xu, - Xu,
18
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and F is the block diagonal matrix given by

Fia 0 - 0
F_| 0
. ]:0 0
0 0 1

The fact that F;_; is unitary for 1 < [ < j implies that F is unitary and, therefore, the frame
properties of 73, () are identical to those of X ().

The final component of the proof involves a factorization of X (§) as a product of expanding
matrices, based on the product formula for the iterated low- and high-pass filters. Let #;(),
1 <1< j, represent the 27711 x 27F1=1 matrix defined by

§(21-i-1¢) 0 0 h(2-i-1g) 0 o
0 : 0 - 5
: y 0 5 . 5

Hi(©) = 75 y e 0 GETTHE 2T ) 0 L0 R+ 2 - )

TR e e 0 0 BN Y) 0 0
0 : 0 :
: y 0 5 ) .

0 0 g e+ 2 — ) 0 0 RN (g 21 1))

It is important to note that H;, 1 <[ < j, is expanding. To see this, notice that it is possible to
reorder the rows and columns so that H; is a block-diagonal matrix composed of 2 x 2 blocks of
the form (5.3). Now, corresponding to each H;, define the 27 x 27 matrix Y; by

g5 g1 0
which must also be expanding for 1 < < j. The definitions of the iterated low- and high-pass
filters imply that X (§) = []/_; ¥1(€). Notice that the size of the identity block increases with [ as
the product formula for the Fourier transforms of the iterated filters g; and h; contains exactly [
factors. It follows that X (§) is expanding for almost every « € T as the product of j such matrices.
Moreover, the fact that F is unitary implies that 7g,({) is an expanding matrix for each § € T,
ensuring that

(Go, (€)c,c) = |lc]®

for every ¢ € T and every ¢ € C?. Hence, by Proposition 5.1, Ey;;(®;) is a frame for ¢*(Z) with
lower bound 1, independent of j. Equivalently, the finitely iterated dyadic filter bank associate
with h and g is stable, with uniform bounds. Notice that Proposition 4.5 also guarantees that
|(Fjx)j41]> = 0 as j — 0 for all z € £2(Z). So, Theorem 3.4(b) implies that the infinitely iterated
dyadic filter bank generated by h and g is stable, completing the proof. O

Notice that when the orthogonal high-pass filter, given by (2.1), is chosen, the columns of
L[ a©  he

V2 La(e+3) hg+3)
are orthogonal and the condition that this matrix is expanding is equivalent to
B + A&+ )1 > 2, (5.4)

further simplifying the sufficient conditions of Theorem 5.3 for the stability of an applicable infinitely
iterated dyadic filter bank.

Theorem 5.3 addresses the question posed by Bayram and Selesnick by providing concrete con-
ditions on the filters h and g that guarantee the stability of the infinitely iterated dyadic filter bank
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without referring to any associated scaling function or wavelet. As noted by Bayram and Selesnick
[2, Remark 9], the relationship between the frame bounds of iterated filter banks and an underlying
frame on the real line is delicate and not fully understood.

6. INFINITELY ITERATED FILTER BANK FRAMES

This section is devoted to an informal illustration of the application of the results contained in
this paper to the construction of low- and high-pass filters that give rise to dyadic filter banks which
remain stable under an arbitrary number of iterations.

6.1. Burt-Adelson Low-Pass Filters. It was observed previously that the class of low-pass filters
studied by Burt and Adelson [8] was found to be compatible with the construction of biorthogonal
wavelets given by Cohen, Daubechies, and Feauveau [13]. The choice of high-pass filter used in
the biorthogonal construction results from the solution of a specific Bézout equation. Rather than
covering the same ground here, the orthogonal high-pass filter, given by (2.1), will be considered.
The Burt-Adelson class of low-pass filters is typically described in terms of a parameter a > 0, so
that
0.25 —a/2, k=42,

h(k 2 k=+1
V2 a, k=0,
0, otherwise.

This class of low-pass filters can also be written in the form (4.5) using n = 2 with
p(&) = (4a — 1) + (2 — 4a) cos (27E).
Observe that p(§) is real-valued and its maximum on T (assuming a > 0.5) is 8a — 3. Therefore,

(4.6) will hold with s = 1 provided that 8a — 3 < 2%, ie., a < (3+2v2)/8 With s = 2, it was
verified numerically that (4.6) holds for a < 0.78. In order to apply Theorem 5.3, it must be verified

that .

1 e ke
V2 96 +3) hE+3)
is expanding on T; however, in light of the remark following Theorem 5.3, the stability of the
infinitely iterated dyadic filter bank is guaranteed when |h(€)|? + |h(¢ + $)[* > 2 on T. Figure 4
depicts numerical estimates of this quantity for certain values of the parameter a, equally spaced
over the range 0.5 < a < 0.78. Based on these computations, one can reasonably conclude that (5.4)
holds when a is greater than about 0.625. Theorem 5.3 then implies that the infinitely iterated
dyadic filter bank is stable in the range 0.625 < a < 0.78, while Theorem 3.2 implies that the
associated finitely iterated filter banks will be stable over the same range of parameters and with
uniform bounds. Since the lower frame bound established by Theorem 5.3 is always 1, one should
expect that the smaller the choice of a, the tighter the resulting frame will be.

6.2. A Higher-Order Class of Low-Pass Filters. As a second illustration of the simplicity of
the sufficient conditions described by Theorem 5.3, consider the low-pass filter of the form (4.5)
with n = 3 and p(&) given by
p(§) = (1 + 2a) — 2acos (27€).

The maximum value of p(§) is 1 + 4a (assuming a > 0) and occurs when x = £ 1. Therefore,
in order to satisfy (4.6) with s = 1, it follows that 1 + 4a < 4v2 or a < /2 — %. With s = 2,
it was verified numerically that (4.6) holds for a < 1.5 The high-pass filter will again be chosen
according to (2.1) and the parameter a will be considered over the range 0 < a < 1.5. Figure 5

depicts numerical estimates of [h(€)|? + |h(€ + $)|? for equally spaced values of the parameter a,
20
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FIGURE 4. The quantity |2(¢)|2 + |h(¢ + 1)|? as a function of the parameter a for
the Burt-Adelson class of low-pass filters.

which suggests that the expanding condition is satisfied for a larger than 0.5. As above, Theorem
5.3 then guarantees the stability of the infinitely iterated dyadic filter bank and Theorem 3.2 then
implies the stability of the associated finitely iterated dyadic filter banks with uniform bounds.

2.5

N W A~ OO O N 00 ©

—

o

0 0.1 0.2 0.3 0.4 0.5 0 0.01 0.02 0.038 0.04 0.05

FIGURE 5. The quantity |h(¢)|? + |h(€ + 1) as a function of the parameter a for
the class of low-pass filters of Section 6.2.
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7. CONCLUSION

The primary goal of this paper is to address a question raised by Bayram and Selesnick in [2] by
providing straightforward conditions on the low- and high-pass filters that guarantee the stability of
the associated dyadic filter bank under an arbitrary number of iterations. Theorem 4.4 establishes
a Bessel bound for infinitely iterated dyadic filter banks associated with a broad class of finitely
supported filters, while Theorem 5.3 yields a lower frame bound using a fiberization approach
common to the study of shift-invariant spaces. The argument of Theorem 5.3 relies on the fact that
the matrix given by (5.3) is expanding almost everywhere, ensuring that the lower frame bound
equals 1.

These results were used to examine a class of iterated filter banks employing a Burt-Adelson
low-pass filter together with the orthogonal high-pass filter given by (2.1). It was observed that
such filter banks are stable for a wide range of the parameter a¢ and the authors know of no other
methods to easily establish the stability of these filter banks. Still, it was not possible to establish
stability for the widely used parameter value a = 0.6 due to the fact that (5.3) is not expanding
on some intervals. In fact, with a = 0.6, the expanding condition also fails when the orthogonal
high-pass filter associated with (6.1) is replaced by the biorthogonal high-pass filter

3(€) = e 2Eh(e + 1),

where h represents the biorthogonal dual low-pass filter [13, Table 6.3]. This can be seen by
examining the eigenvalue functions of

109 k) ] [ a©) k) (7.1)

219(€+3) ME+p] LaE+7) ME+H] '
which are shown in Figure 6. Nevertheless, despite the failure of the pointwise expanding property
for this filter pair, it follows from the work of Bayram and Selesnick that the finitely iterated dyadic
filter banks associated with these filters remain stable under arbitrarily many iterations.
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FIGURE 6. The eigenvalue functions of (7.1) for the filters associated with the Burt-
Adelson biorthogonal wavelet and a = 0.6.

The sufficient conditions presented here are limited to filter banks for which (5.3) is expanding
almost everywhere. In light of this limitation, there is room for further study of the stability of
22



iterated dyadic filter banks in which the pointwise expanding condition used in Theorem 5.3 might
be replaced by an average expanding condition derived with the help of tools from ergodic theory,
as found in the works of Conze and Raugi [14] or Gundy [18]. It may also be possible to use
perturbation methods [10, Corollary 22.1.5] to broaden the class of filters that give rise to iterated
filter banks which remain stable under an arbitrary number of iterations.
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