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Paley-Wiener Type Perturbations of Frames and the De-
viation from Perfect Reconstruction

O. Christensen*, M.I. Zakowicz

Abstract. Frame theory is an efficient tool to obtain expansions of elements in separable Hilbert
spaces that are similar to the ones obtained via orthonormal bases, however, with considerably
more flexibility. In this paper we give a survey of known results about frame expansions and
perturbation theory, combined with an extension to approximately dual frames. We will show,
e.g., that perturbation of a pair of dual frames in the Paley-Wiener sense leads to a deviation
from perfect reconstruction that can be controlled in terms of the frame bounds of the involved
sequences. The paper contains an Appendix, which motivates the analysis of frames via classical
results.
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1. Introduction

Frame theory is a tool to obtain decompositions of elements in a separable Hilbert
space H in terms of “convenient building blocks.” To be more precise, a sequence {f;}7°
of elements in H is a frame for H if there exist constants A, B > 0 such that

AILFIP <D IF f)l? < BIIFIP V€ . (1)

k=1

Given any frame {f}}2,, there exists a so-called dual frame, i.e., a frame {g;}72, such
that each f € H has a representation

F=> (fam)f (2)
k=1

Perturbation theory is one of the well established research areas within frame theory.
A typlcal question is as follows: assuming that {f;}7°, is a frame and that a sequence

{f;.c},€ | is “close” to {fr}32;, can we conclude that {fk}k | is a frame as well? In this
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paper we give a survey of some key results in perturbation theory, combined with new
results. In contrast to most results in the literature, we will not focus on the perturbation
of a frame itself, but rather on its effect on the reconstruction formula (2). Thus, a typical
question will be as follows: assuming that two sequences {f;},;“;l, {91}, are “close” to
the dual frames {f;}7° 1, {9k}, how is the identity (2) affected when the elements f, gi
are replaced by fk, !

In the rest of this section we give a more detailed description of the necessary back-
ground in frame theory. The classical perturbation results are summarized in Section 2,
and the new results concerning the associated deviation from perfect reconstruction are
presented in Section 3. For convenience of the reader without experience in frame theory
we have included an Appendix containing some motivation for the study of frames; the in-
formation here is taken from the recent book [4]. The Appendix can be read independently
of Sections 2-3.

A sequence {fi}72, in H is called a Bessel sequence if at least the upper condition in
(1) holds. If {fx}32, is a frame, the numbers A, B in (1) are called frame bounds. It is
well known that if {f}7°, and {gr}}2, are Bessel sequences and (2) holds, then {f,}32,
and {g;}7°, are automatically frames; in this case {f;}72, and {g;}72, are said to be
dual frames. The property (2) clearly resembles the well known expansion in terms of an
orthonormal basis, although the sequences {f;}7°, and {gx}7>; might not be identical.
The key difference between a frame and a basis is that a frame { f;, }2° ; might be redundant:
in fact, if {fx}72, is a frame but not a basis, then the dual frame {g}3°, is not unique.
In concrete applications (typically taking place in concrete Hilbert spaces like L?(R) and
dealing with explicitly given frames) this flexibility is used to construct dual frames with
particularly attractive properties. We also note a well-known relation to Riesz bases: any
Riesz basis is indeed a frame. On the other hand, a frame is a Riesz basis if and only if

o

{ew}iy € P(N), D cufr=0]= ¢, =0,Vk € N.
=1

Given any Bessel sequence {f;}?°, one can define a bounded operator 7' : £2(N) — H
by T{cx}?2, := > cx fr; the operator T is called the synthesis operator or preframe op-
erator. It is easy to see that the adjoint operator is given by T* : H — (2(N), T*f =
{{f, fr) }32 - Denoting the preframe operators for two Bessel sequences { f } 32, and {gx } 72,
by T and U, respectively, it is clear that {f;}72, and {g};2, are dual frames if and only
if

TU* = I. (3)

In the rest of this paper the formula (2) associated with a pair of dual frames {f;}7°,
{gr}32, will play the key role. In signal processing terms the result is phrased as “dual
pairs of frames leads to perfect reconstruction.” For more general information about frames
we refer to the monograph [4].

The purpose of this paper is to discuss the deviation in the reconstruction formula
that occurs when the frames {f,}32, and {gx}3>, are perturbed. The corresponding



Paley-Wiener Type Perturbations of Frames and the Deviation 61

question for the frame property is well studied in the literature; see the short survey
in Section 2. However, for concrete applications it is even more important to know the
deviation from perfect reconstruction when dual frames {f;}7°, and {g;}72, are replaced
by perturbations {fk}i‘;l and {g}3,. For example, it would be preferable to obtain an
estimate of the form

<ellfll, vfeH (4)

'|fZ<f,g7f>ﬁ
k=1

for a small value of € > 0. For the case where {ﬁ}?:l and {gr};2, are Bessel sequences,
this idea has been formalized in the paper [6] by saying that {ﬁ};o:l and {gr}72, form
approximately dual frames if (4) holds for some € < 1. In Section 3 we will show how
Paley-Wiener type perturbations on a pair of dual frames affects the deviation from perfect
reconstruction; in particular, the results will show that the deviation can be controlled if
we are able to control the Bessel bounds for the involved sequences.

The current paper will keep the discussion on the level of a general Hilbert space.
Applications to concrete settings appear in the papers [6], [9], and [1]. Note also that
the paper [10] contains a discussion of wavelet frames and approximation on subspaces,
however, not with the exact concept of approximately dual frames as defined in [6].

2. Some classical perturbation results for frames

A classical perturbation result, attributed to Neumann/Paley/Wiener, states that if
{fx}32, is a basis for a Banach space X, then a sequence {f;}7°, in X is also a basis if
there exists a constant A €]0, 1[ such that

> er(fi— i)
k=1

for all finite sequences of scalars {c;}7° ;.
Note that (5) is a condition on the perturbation operator

[e.e]

MDY et

k=1

()

K :D(K) = H, K{a}i2 =Y crlfr — fr)- (6)

k=1

This is typical for the results considered in this paper; in fact, all results will be formulated
in terms of conditions on operators of this type. We also note that the condition (5) with
A < 1 is not suitable for an immediate extension to the case where {f}72, is a frame for
a Hilbert space; indeed, if > 72, e fr and Y oo ck ﬁ are both convergent, the condition
implies that

oo o0 _
dafi=0&> afi =0,
k=1 k=1
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and hereby forces the perturbed family {fk}zo:l to exhibit the same linear dependence as
the given sequence {f;}7°,. A considerably more flexible result appeared in [2] under the
name A Paley- Wiener Theorem for frames:

Theorem 1. Let {f;,}72, be a frame for H with bounds A, B. Let {ﬁ}?;l be a sequence
in H and assume that there exist constants \, u > 0 such that \ + ﬁ <1 and

chfk

k=1

1/2
+p (Z |Ck’2> (7)

Z (fr = i)
k=

for all finite scalar sequences {cy}72,. Then {ﬁ}zozl is a frame for H with bounds

2 2
M M
All—(A+—= , Bl1+X+—&—| .
(-0=7)) - 202 75)
Theorem 1 has the following immediate consequence, which was also obtained inde-
pendently by Favier and Zalik [8]:

Corollary 1. Let {fi}?2, be a frame for H with bounds A, B, and let {]?k}zo:l be a
sequence in H. If there exists a constant R < A such that

MU= FP S RIFIP VfeH,
k=1
then {ﬁ}zil is a frame for H with bounds

) o)

A different type of perturbation result involving the same perturbation operator was
obtained in [5]:

2

Proposition 1. If {f;}32, is a frame for H and

K: EQ(N) —H, K{cklie, = ch(fk - fk)
k=1

is well-defined and compact, then {fk}zozl is a frame for the Hilbert space W{fk}z"zl

Note that in Proposition 1 the space span{ﬁ}zozlmight just be a subspace of H.



Paley-Wiener Type Perturbations of Frames and the Deviation 63

3. Paley-Wiener type perturbation and deviation from perfect
reconstruction

In this section we will reconsider the questions appearing in Section 2, but now with
the purpose of analyzing the deviation form perfect reconstruction that occur when a pair
of dual frames is perturbed. It turns out that the key role is played by the norm of the
perturbation operator; for this reason we will consider the Paley-Wiener type perturbation
condition (7), but without the A-term.

In the entire section we will use the following setup and notation:

e Consider dual frames {f;}32, and {g;}72,, with preframe operators

T,U : EZ(N) — H, T{Ck}zozl = chfk, U{Ck}zozl = chgk.
k=1 k=1

Then each f € H has the representation
F= (960 i

k=1

or, formulated in operator terms,
I=TU".

e We will consider approximately dual frames {fk}z":l and {gr}72,, with preframe
operators

T,U: A(N) = H, T{a )32y = > crfrr U{er}iZs =D crgi-
k=1 k=1

Note that we will always assure that {fk}zo:l and {g;}72, are Bessel sequences, so the

operators T and U are actually well-defined. We will measure approximately duality in
terms of the deviation

- H(I-fﬁ*)f“,fe%,

F=> (f.0) f
k=1

or in terms of the operator norm

HI—T(?*

We first show that the operator norm ||I — TU *|| can be controlled in terms of the
Bessel bounds for the sequences { fx}221, {9k }72 1, {fx — fr}iey, and {gr — gr} 3. We will
use the well-known result that if {f}2°, is a Bessel sequence with preframe operator T,
then the minimal Bessel bound is given by ||T||?; in other words, any Bessel bound B
satisfies ||T||* < B.
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Theorem 2. Assume that {f;}32, and {gx}32 | are dual frames, with upper frame bounds
By, By, respectively. Consider sequences { fi.}72, and {gr}3>, such that

> elfi — fr) (Z\%F) s and ||Y - exlgr — gi)|| < p (Z!%F)
k=1 k=1 k=1 k=1

for some >0 and all finite sequences {cy}3>,. Then

=T < (NP + 100 < e (Vs + 0+ VB (5)
Proof. In terms of the preframe operators T, T, U, and 17,
I-TU* =TU* —TU* =T(U —U)* + (T — T)U*;
thus

|1 =70 < 1T = 311+ i - 71100

This immediately gives the first estimate in (8). The second estimate now follows from
Ul < IU = U]+ |U]]. <

The estimate (8) shows that if we fix the dual frames {f;}7°; and {gx}32,, the devi-
ation from perfect reconstruction can be controlled in terms of the parameter . On the
other hand, the estimate also indicates that we can not control the deviation from perfect
reconstruction that occur by replacing { fx}72; by {fr}32;, uniformly over all dual frames
{9x}721; in other words, we need to be able to control uniformly the Bessel bound on
{91}, as well. The next example confirms this.

Example 1. Let {e;}72, be an ONB for H, and let, for some fixed N € N,

{fi}iz :=A{0,e1,ea,... }, {9}y := {Nei,e1,ea,...}.

Then {gr}32, is a non-canonical dual frame of the frame {fi}32,. Given € >0, let

{ﬁv}zozl - {6617617627 s }7 {9}}211 - {gk}zozl'

1/2
ch’ fr = ) (Zlckl ) , and

for all finite sequences {cy}32 . However,

Then

> cnlgr — gr)

k=1

|:O

11 = TU*|| 2 ||(I = TU")esl| = llex — (eNex + e1)|| = Ne.

Thus, the deviation from perfect reconstruction can only be controlled with knowledge of
the Bessel bound for {gi}3,: we are not able to obtain a uniform estimate on ||I — TU*||

that holds for all dual frames {gi}7>, of {fu}?2 - <
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Recall that we considered compact perturbations in Proposition 1. We will now show
that compact perturbation on a pair of dual frames also implies that I —T'U* is compact.

Proposition 2. If { i}, and {gx}72, are dual frames and the operators

oo o0
KK : C(N) = H, K{ci}32y = > culfe — fr), K{er}i2y =Y culgr — gr)
k=1 k=1
are compact, then the operator
I-TU*

18 compact.
Proof. As in the proof of Theorem 2,
I—TU*=TWU -U)*+ (T —T)U* =TK*+ KU*".

It now follows from standard results in functional analysis that I — TU* is compact. <«

Appendix

The purpose of this section is to give a short motivation for the study of frame theory.

Frame theory aims at obtaining expansions of elements in Hilbert spaces in terms
of superpositions of “elementary building blocks.” In many natural cases these building
blocks do not form bases, as the following elementary example from [4] illustrates.

Example 2. Consider the orthonormal basis {ex}rcz := {€2™*®}rez for L?(0,1). We
will now consider these functions on an open subinterval I C|0,1[ with |I| < 1. We can
identify L*(I) with the subspace of L?(0,1) consisting of the functions which are zero on
10, 1[\I. Hereby a function f € L*(I) is identified with a function (which we still denote
f) in L?(0,1), and which has the expansion

f= (f exer in L*(0,1). (9)

keZ
9 1/2
dx)

o~ U
L “)

— 0 as n — oo,

Since

n

F@) = 3 (f,ephemite

k=—n

Hf— S ener

lk|<n

n

F@) = 37 (fep)emhe

k=—n

IN
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we also have

=Y {fexer in L(I). (10)

kEZ

That is, the functions {e}rez also have the expansion property in L*(I). However, they
are not a basis for L*(I). To see this, define the function

> | flz) ifxel,
f($)_{1 ifegl
Then fe L?(0,1) and we have the representation
F=> (ferer in L*0,1). (11)
kEZ

By restricting to I, the expansion (11) is also valid in L*(I); since f = f on I, this shows
that

f=> (fen)ex in L*(I). (12)

keZ

Thus, (10) and (12) are both expansions of f in L*(I), and they are non-identical; the
argument is that since f # f in L?(0,1), the expansions (9) and (11) show that

{(f, ex)trez # {{f. ex) rez-

The conclusion is that the restriction of the functions {ex}rez to I is not a basis for
L3(I), but the expansion property is preserved. In frame terminology, the sequence {ey }rez
is a tight frame for L?(I), meaning that we can take A = B in the frame definition. <«

Another motivation for frame theory is that it gives much more flexibility than the
theory for orthonormal bases. Indeed, the ONB conditions are very strong, and in many
cases ONB’s satisfying additional constraints can not be constructed; in some of these
cases, a construction can be obtained by replacing the ONB condition with the frame
condition. We will now give some examples of this, formulated in the concrete setting of
Gabor systems and wavelet systems on L?(R). First, let us define the following unitary
operators on L?(R):

(i) For a € R, the operator Ty, called translation by a, is defined by

T,: L*(R) = L*(R), (T.f)(z):= f(z —a), z €R. (13)

(ii) For b € R, the operator Ej, called modulation by b, is defined by

Ey: L*(R) — L*(R), (Eyf)(z) := > f(x), z € R. (14)
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(iii) The dyadic scaling operator is

D: L*(R) — L*(R), (Df)(z):=2Y2f(2x). (15)

A Gabor system in L2(R) is a collection of functions of the form

— {eQTrimbz

{Emanag}m,neZ 9(33 - na)}m,neZa

where g € L%(R) is a fixed function and a,b > 0. It is easy to construct an ONB for L?(R)
of this form: in fact, {EmnTnX[o,1}mmnez is an ONB for L?(R). However, for the sake of
applications it is important to consider Gabor systems for which ¢ is a continuous function
with compact support. It turns out that this additional constraint can not be combined
with the ONB condition, but frames satisfying this condition can be constructed:

Proposition 3. Let g be a continuous function with compact support. Then the following
hold:

(i) {EmpTnag}tmmnez can not be an orthonormal basis for L*(R).
(i) {EmpTnag}tmmnez can not be a Riesz basis for L*(R).
(i5) {EmpTnag}mnez can be a frame for L*(R) if 0 < ab < 1.

A more precise version of Proposition 3 (iii) says that for any a,b > 0 with ab < 1,
there exists a continuous function g with compact support such that {E,,47709}m nez is a
frame for L?(R). For more information on Gabor systems and their applications we refer
to the monographs [4, 13] and the research papers in the books [11, 12].

Another important class of frames is formed by wavelet systems. A wavelet system
in L?(R) has the form {D/Ty0}jrez = {27/%(272 — k)}; pez. Classical multiresolution
analysis explains how to construct ONB’s for L?(R) having the wavelet structure [7], but
also in this case there are restrictions on the additional properties one can obtain:

Proposition 4. Let ) € L*(R). Assume that decays exponentially and that {DI Ty} kez
1s an orthonormal basis. Then 1 can not be infinitely often differentiable with bounded
derivatives.

For a proof we refer to [7]. On the other hand, it is known that the properties in
Proposition 4 can be obtained if we allow {Dkaw}j7k€Z to be a frame instead of an ONB;
concrete cases are well-known, see, e.g., Example 15.2.7 in [4].

On a more concrete level, wavelet expansions are used for compression purposes. In
order to explain this, assume that { D’ Ty} kez and {DJ Tk{pv}j,kez are dual frames. Then
the frame decomposition takes the form

f=Y_{f DI Tp) D' Ty, Vf € L*(R). (16)

jkEZ

It is known how to construct “efficient wavelet representation” in several concrete cases,
e.g., within image analysis. The idea is that concrete images usually are known to belong
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to certain subspaces of L2(R); constructing the function 1 such that it has a high number
of vanishing moments (for the exact definition of vanishing moments we refer to [7], or
[3, 16] for more elementary introductions) it is possible to obtain that a large number of
the coefficients {(f, D'Tj1)}; ez almost vanishes and can be replaced by zero without
affecting the quality of the image. The technology for doing this is already implemented
in consumer electronics like digital cameras and MP3 players, and it is contained in the
JPEG2000 standard for image processing. Even though the expansion (16) can be realized
with an orthonormal basis {D/T}t}; ez (corresponding to the case where ¢ = v)) these
applications are actually based on the more general case where {D/T) KV} kez is a Riesz
basis, i.e., the “intermediate step” between ONB’s and frames.

We note that, despite the immediate differences between Gabor analysis and wavelet
analysis, there exists a class of systems, the so-called generalized shift-invariant systems,
that contains both systems as special cases. For an introduction to these systems we refer
to the original papers [15] by Ron & Shen and [14] by Hernandez, Labate & Weiss. The
analysis for approximately dual frames for GSI-systems have been developed in the recent

paper [1].
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