OVERSAMPLING OF WAVELET FRAMES FOR REAL DILATIONS
MARCIN BOWNIK AND JAKOB LEMVIG

ABSTRACT. We generalize the Second Oversampling Theorem for wavelet frames and
dual wavelet frames from the setting of integer dilations to real dilations. We also
study the relationship between dilation matrix oversampling of semi-orthogonal Parseval
wavelet frames and the additional shift invariance gain of the core subspace.

1. INTRODUCTION

Oversampling of wavelet frames has been a subject of extensive study by several au-
thors dating back to the early 1990’s. The first oversampling results are due to Chui
and Shi [16, 17|, who proved that oversampling by odd factors preserves tightness of
dyadic affine frames. This is now the central result of the subject known as the Second
Oversampling Theorem. Its higher dimensional generalizations to integer matrix dila-
tions were studied by Chui and Shi [18], Johnson [27], Laugesen [30], Ron and Shen [31].
In particular, these authors introduced (in several equivalent forms) the class of over-
sampling matrices ‘“relatively prime” to a fixed dilation A and they established several
oversampling results for (not necessarily tight) affine frames. Dutkay and Jorgensen [23]
shed a new light on these results by showing that oversampling of orthonormal (or frame)
wavelets by such matrices leads to orthonormal (or frame) super-wavelets, respectively.

Chui and Sun [22] have completed the understanding of the case of integer dilations
by showing that the class of “relatively prime” matrices is optimal for the Second Over-
sampling Theorem. That is, if an oversampling matrix falls out of this class, then the
oversampling does not preserve tight frame property in general. However, it is possible
to give a characterization of oversampling matrices preserving tightness once affine frame
generators are chosen. These results are also due to Chui and Sun [21, 22] who extended
earlier results by Catalan [13].

Despite this progress, much less is known on oversampling of affine systems gener-
ated by non-integer dilations. Chui, Czaja, Maggioni, and Weiss [15] have proved some
results on the oversampling of tight affine frames and dual affine frames generated by
special classes of real dilations. Hernandez, Labate, Weiss, and Wilson [25] extended the
Second Oversampling Theorem to (not necessarily tight) affine frames associated with
rational dilations. Moreover, they also considered more general types of scale adaptive
oversampling typically arising in the study of quasi-affine systems, see also [6, 8, 20, 31].
However, these results did not attempt to cover all possible real dilations.
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The goal of this paper is to extend the Second Oversampling Theorem to arbitrary real
dilations. We propose yet another condition on the oversampling lattice which guarantees
preservation of frame bounds of the oversampled affine system. In the case of integer
dilations, our condition is easily seen to be equivalent with the previously mentioned
optimal “relative prime” condition. Moreover, in the case of rational dilations, our result
generalizes the above mentioned result in [25]. Since our condition is applicable for
general real dilations, including non-integer classes of dilations considered in [15, 25|, it
unifies and extends previous results. In particular, our oversampling result is applicable
both for non-tight frames and dual affine frames.

To achieve our goal we introduce and study new concepts in the theory of lattices
involving approximate representatives of distinct cosets and approximate duals. We
have built our methods from scratch since we could not find similar results in the existing
literature. We believe that our results could be of independent interest. There are two key
results worth mentioning here. Our first theorem shows the existence of an approximate
constellation for a suitable collection of lattices. In proving this result we have adapted
the notion of a constellation, which is borrowed from the coding theory as in the work
of Calderbank and Sloane [11], to the setting of approximate coset representatives. Our
second result is an extension of the duality identity

(FTAN)*=T*+A* for lattices A, C R".

We establish an analogue of this identity for finitely generated (but not necessarily dis-
crete) subgroups ' C R™ in terms of approximate duals. This is shown using arguments
involving uniform distribution of sequences [28].

The remaining elements of our techniques are more standard and involve the use of
almost periodic functions. This technique was pioneered by Laugesen [29, 30| in his work
on translational averaging of the wavelet functional, and later extended by Hernandez,
Labate, Weiss, and Wilson [24, 25|, and the authors [§]. Finally, the last section relies on
a general result about shift-invariance gain of principal shift-invariant spaces. This is a
higher dimensional analogue of a result due to Aldroubi, Cabrelli, Heil, Kornelson, and
Molter [1].

The paper is organized as follows. In Section 2 we introduce and study the notions of
approximate transversals and approximate duals. In Section 3 we show the generalization
of the Second Oversampling Theorem to real dilations. In Section 4 we show oversampling
results for dual affine frames. We also give a counterexample to one of the results claimed
in the paper of Chui, Czaja, Maggioni, and Weiss [15]. Finally, in Section 5 we show
results on the equivalence of tight frame preservation for dilation matrix oversampling of
the translation lattice and the membership in Behera-Weber classes of wavelets |2, 33].

We end this introduction by reviewing some basic definitions. A frame for a separable
Hilbert space H is a countable collection of vectors { f;};e; for which there are constants
0 < C; < Oy < 0o such that

CAP <STHEMIP < CellfIP forall fe.

Jjel
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If the upper bound in the above inequality holds, then { f;} is said to be a Bessel sequence
with Bessel constant Cy. A frame {f;} is said to be tight if we can choose C; = Cy; if
furthermore C; = Cy = 1, the sequence {f;} is said to be a Parseval frame.

Two Bessel sequences {f;} and {g,} are said to be dual frames if

f=) (fgnf; forall feH.
€T
It can be shown that two such Bessel sequences indeed are frames, and we shall say that
the frame {g;} is dual to {f;}, and vice versa. The book by Christensen [14] serves as
an introduction to the frame theory.
For f € L'(R™), the Fourier transform is defined by

FHE = 1O = [ e

with the usual extension to L*(R"™). We will frequently prove our results on the following
dense subspace of L*(R™)

9 = {f e L*(R") : f € L®(R™) and supp f is compact in R™ \ {0}} (1.1)

2. APPROXIMATE TRANSVERSALS AND DUALS

In this section we introduce some new notions in the theory of lattices which are
understood here as discrete subgroups of R™. We refer to the book by Cassels [10]
for basic properties of lattices. In particular, we introduce and study the notions of:
approximate representatives of distinct cosets, an approximate transversal constellation,
and an approximate dual. We shall build our theory from scratch since we could not find
such results in the existing literature.

The notion of a constellation is frequently used in the coding theory. In particular,
Calderbank and Sloane [11] have investigated signal constellations consisting of a finite
number of points from a lattice A, with an equal number of points from each coset of a
sublattice ' C A. We shall use the same notion albeit in the approximate sense defined
below.

Definition 2.1. Suppose that [ C A are two full rank lattices in R” and ¢ > 0. We say
that a set D = {dy,...,d;}, where [ = #|A/T| is the order of the quotient group, is an
e-approximate transversal of A/T if there exists set D' = {d},...,d;} of representatives
of distinct cosets of A/I such that |d; —d;| < e foralli=1,...,]. We say that a multiset
(set with multiplicities) K is an e-approximate transversal constellation if it is a union
of a finite number of e-approximate transversals.

The following result is a generalization of [26, Lemma 23.19], see also |8, Lemma 3.6].

Lemma 2.2. Suppose that I C A are two full rank lattices in R™. Suppose D 1is an
e-approzimate transversal constellation of N/T for some € > 0. Then

1 ZGZWZ'(m,d) — L+ O(|m| 5) m € /\*7
#|D| O(Jm|e) me T\ A,

deD
as e — 0.
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Proof. Let D" = {d},...,d]}} be representatives of distinct cosets of A/, and let D =
{di,...,d;} be an e-approximate transversal of A/T. Then, for any m € R® D I,

l
<
i=1

l
<> 2m|(m,di) — (m,d})]
i=1

2mi(m,d}) e27m'(m,di> _ 2mi(m,d})

Z e27m'(m,di> o

=1 7

€
1

l l
€

!
<> 2n|m||d; — d}| < 27 |m|le.
i=1

Since, by [26, Lemma 23.19], we have

!
1262ﬂi<m,dg> _ )1 me N,
[ 2 0 mel \ A,

the lemma is proved. U

We shall need a result about the existence of an approximate transversal constellation
for suitable collections of lattices which is of independent interest. A prototype of this
result for exact coset representatives takes the following form.

Lemma 2.3. Suppose that we have a finite number of full rank lattices T; C N;, i =
L,...,J, and let l; = #|N;/T;|. Assume that there exists a full rank lattice A such that

J
Acﬂm, (2.1)
=1

N CA+T,; foreachi=1,...,J. (2.2)
Then, there exists a finite multiset K C A such that

#KN(Hy+T) 1 .
== forallve N, 1=1,...,.J.
#IK| li
In other words, K consists of an equal number of points from each coset of N;/T;, simul-
taneously for alli=1,...,J.

In general, the condition (2.1) is too restrictive for our purposes since the intersection
ﬂjzl A; might be trivial and then (2.2) can not hold. To remedy this situation, we shall
need a variant of Lemma 2.3 for approximate coset representatives. We shall skip the
proof of Lemma 2.3 since it follows by a direct modification of the proof of Lemma 2.4.

Lemma 2.4. Suppose that we have a finite number of full rank lattices T; C N;, i =
L,...,J, and let l; = #|N;/T;|. Assume that for all € > 0 we have

N CAe)+T; foreachi=1,...,J, where (2.3)
J
Ale) == )N + B(0, ). (2.4)

i=1
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Then, for all sufficiently small e > 0 there exists a finite multiset K = K(g) C A(e) such
that

#K N (y+ i+ B0e) 1 :
= — forallyeN;, i=1,...,J. (2.5)
#| K| li
Lemma 2.4 can be also formulated in the language of approximate transversals. Sup-
pose that for all € > 0 there exists a set A laying in the e-neighborhood of each A; and
containing e-approximate transversals of each A;/I';. Then, there exists a subset K C A

which is e-approximate transversal constellation simultaneously for each A;/T;.

Proof of Lemma 2.4. For any ¢ > 0 we define 6 = ¢/J. For each i = 1,...,J, by (2.3)
we can choose d-approximate transversal D’ := {di,...,d} } C A(d) of A;/T;. Define the
set K as an algebraic sum

K=D'+...+D’.

Treating K as a multiset, K has exactly H;]:1 l; elements. Moreover, since each D' C
A(0), we have that K C A(6J) = A(e).
Fix some 1 < 15 < J and consider

J
ko = Z .., for some choice of 1 < m; <1,. (2.6)
i=1, iio
We claim that {d?® + ko, ..., d?jo + ko} is a e-approximate transversal of A;,/I';,. Indeed,
by (2.4) we can find D" = {df,...,d}'} C A;, such that
df —di| <0 fori=1,...,J, j=1,...,1. (2.7)
Furthermore, if 6 > 0 is sufficiently small, then D"® is an exact transversal (a set of
representatives of distinct cosets) of A;,/T';,. Let
J
Ky= > di €N,
i=1, izio
Clearly, {d/ + K, ... ,dZZ + k{} is also an exact transversal of A;,/I;,. Thus, by (2.7)
{d + Ky, ..., df?o + ko} is a 0.J = e-approximate transversal of A;,/I;;. This proves the
claim.

Since there are precisely H;]:Li i li elements ko of the form (2.6), K is a union of the
same number of e-approximate transversals of A;,/I';,. Take sufficiently small € > 0, say
0<e<min{|A[: 0# XN, }/2.

Then, we observe that e-neighborhoods of distinct cosets of A, /T;, are disjoint. Thus,
for any v € A,
J
#IK N (v + Ty + BO.o)| _ Tlicwizin i _ 1
#|K| Lt
Since 1 < iy < J was arbitrary, this shows that (2.5) holds for all sufficiently small
e>0. U
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We shall also need some additional results about approximate duals of finitely gener-
ated subgroups of R™ which are of independent interest.

Definition 2.5. Suppose that F' C R™ and € > 0. Define an e-approximate dual of F' as
F**={xeR": (x,9) € Z+ |—¢,¢] for all g € F'}.

In the case when ¢ = 0, we say that F*? is an exact dual of F', which is denoted simply
by F™*.

The following basic proposition justifies the name for an approximate dual.

Proposition 2.6. Suppose that N is a full rank lattice and F is a basis of N. Then, for
sufficiently small ¢ > 0 we have N%° = N*. Furthermore, for every ¢ > 0 there exist
0,e" > 0 such that

N+ B(0,¢') € F*° c A+ B(0,¢).
The proof of Proposition 2.6 is left to the reader.

Lemma 2.7. Suppose that G is a finitely generated subgroup of R™ such that G NZ" =
{0}. Then for any finite subset F C G, € > 0, and full rank sublattice T C Z™ we have

F>*+T =R" (2.8)
Proof. First we shall establish a slightly weaker conclusion
F**+7"=R" (2.9)

Then, we shall see that (2.9) implies (2.8).

Assume first that £ = {g1, ..., 94} C G is linearly independent over Q. For any k € Z"
we define a vector z = ((k,q1),...,(k,g4)) € R% Let ki, ks,... be an ordering of all
elements of Z" such that ¢ < j implies ||ki||cc < ||kj]|co- We claim that the sequence
{x1, }ien of vectors in RY is uniformly distributed (u. d.) mod 1. By the Weyl Criterion,
see |28, Theorem 6.2 in Chapter 1], this is equivalent to the fact that the sequence of
scalars {(h, zy,) }ien is u. d. mod 1 for any 0 # h € Z%. Observe that

d
(h,zg) = (k,v), Wherey:Zhjgj and h = (hy, ..., hq).

j=1

Moreover, by our hypothesis G N Z" = {0}, y has at least one irrational coordinate.
Repeating the same argument as in |7, Lemma 3.2 in Chapter 2| shows that the sequence
{(ki,y) }ien is u. d. mod 1. This proves the claim. As a consequence (2.9) holds.

Next, let F' = {g1,...,9o} C G be an arbitrary finite subset of G. By rearranging
the order of elements in F' we can assume that for some d < d’, {g1,...,9q4} are linearly
independent over QQ, and the rest of elements of F' are linear combinations of thereof.
That is, for d <i < d’

d
9i = chgj, ¢ € Q.
j=1
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Thus, we can find N € N such that for d <i < d’
d
gi = Z dj§j7 dj € Z, (210)
j=1

where §; = ¢g;/N. Let F=1{G1,--,0a:9as1s-- - ga}t C +G. By the already established
case we have
{91, ., 04} +Z" =TR".
Since £ > 0 is arbitrary, using (2.10) we can deduce that
F= 47" =R".
We also observe that F*¢ C F*N¢. This proves (2.9) since € > 0 is arbitrary.

Finally, let ' C Z™ be a full rank lattice. There exists N € N such that NZ™ C I'. The
assumption G N Z"™ = {0} actually implies that G N Q" = {0}. In particular, we have
(NG)NZ" = {0}. Applying (2.9) to a finite subset NF' C NG we have

1
R" — (NF)*,E _'_Zn — NF*,E +Zn
Thus,
R" = F** 4+ NZ" C F** 4T,
which completes the proof of Lemma 2.7. U

Our next result is a generalization of a duality identity for lattices. If G is a lattice,
then we have (G NZ")* = G* + Z", see Corollary 2.9. However, this conclusion might
fail if GG is not a discrete subgroup of R”. For example, if G C R" is dense in R™ and
G NZ" = {0}, then this identity fails. Nevertheless, we have the following extension of

this identity as a consequence of Lemma 2.7.

Theorem 2.8. Suppose that G is a finitely generated subgroup of R". Define a lattice
(not necessarily full rank) T = GNZ". Then for any finite subset F C G and € > 0 we
have

™ c F=+7".

Proof. Define the “rational” subgroup of G by G; = GNQ". Since G is finitely generated,
G1 C Q" is a lattice (not necessarily full rank). Observe that the quotient group G/G;
is torsion free and finitely generated. Hence, using the structure theorem for finitely
generated abelian groups, we can find a complimentary subgroup G5 C G such that the
group G decomposes as an algebraic sum G = G; + Gy with G; N Gy = {0}.

Let ' = {g1,...,94} C G be any finite subset. We decompose each element of F'
as g; = gi(l) +g,~(2), where g(j) € Gj,j =12 Let Fj = {g§j>,...,g§j)}. Observe that

(Fy)*¢ N (Fy)** C F**. Moreover, we have G7 C (F;)*¢. Thus, it suffices to show that

™ C (GyN(Fy)™)+Z". (2.11)

Take any x € I'*. Since [ = GNZ" = G; NZ", by taking duals we have [* = G} +Z".

Thus, we can write © = x1 + 21, where x; € G} and z; € Z". Since G} NZ" is a full rank
lattice, by Lemma 2.7 we have

(Fy)™* + (G;NZ") =R™.
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Hence, we can write x; = 3 + 29, where xo € (F3)*° and 2z € G5 N Z". Consequently,
To € (F2)** NG} and x — x9 = 21 + 29 € Z". This proves (2.11) and completes the proof
of Theorem 2.8. ]

As a consequence of Theorem 2.8 we can deduce the duality identity for lattices (2.12).

Corollary 2.9. Suppose I and N\ are two lattices in R™. Then,
(FAA)" =T*+ A~ (2.12)

Proof. The inclusion D follows immediately from the definition of a dual lattice to I NA.
To show the converse inclusion we can assume that both A and ' are full rank lattices.
Indeed, if A is not full rank lattice, then we can find a full rank lattice Ag D A such
that T NAg = ' NA. Assuming that (2.12) holds for the pair I and A yields the same
conclusion for I and A. An identical argument works for I'. Moreover, by the change of
basis argument we can assume that [ = Z".

Let F' be a basis of A. Applying Theorem 2.8 with G = A yields

(NNZ™)* C F*9 4+ Z"  forall § > 0.
Applying Proposition 2.6 we have
(ANNZ™)" C A"+ Z" + B(0,¢) for all € > 0.
Thus, (AN Z")* C A* + Z" as required. This completes the proof of Corollary 2.9. U

It is worth mentioning that the other duality identity
T+ AN)*"=T"NA*

is much easier to prove since it follows directly from the definition of a dual lattice.
Corollary 2.9 can be also deduced from it and the fact that ["* = [ for an arbitrary
subgroup I C R".

3. OVERSAMPLING

In this section we introduce our condition on the oversampling lattice (3.3) to show
the generalization of the Second Oversampling Theorem in the setting of real dilations.

3.1. Oversampling the wavelet system. Let ¥ = {¢y,..., ¢} C L*(R"), let [ be
a lattice in R™, and let A be a fixed n X n expansive matrix, i.e., all eigenvalue A of A
satisfy |A| > 1. The wavelet system generated by ¥ is

AW) ={;,:j€Z, yel, eV}, (3.1)
where ‘ '
Wiy = DyuTyp = |det AP (A7 - —v)  forjeZ,yel.
Here, Daf(x) = |det A|*2f(Az) is the dilation operator and T, f(z) = f(x — ) is a
translation operator. If we need to stress the dependence of the underlying dilation
matrix A and translation lattice I, we say that the wavelet system A(¥) is associated
with (A,T), or we use the notation A(¥, A,T) for (3.1).
In our study of wavelet systems, it will not be necessary to consider arbitrary transla-
tion lattices I', and we will restrict our attention to the standard translation lattice Z".
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Indeed, for A € GL,(R) expansive and [ = PZ" for some P € GL,(R) consider the
wavelet system A(W, A,T). By the commutator relations

TkDA = DATAk and D(P71Ap)ij = DPDAj,
we see that
A(DP\Ilu A7 Zn) = DP <A<\II7 A7 r)) ) (32)

where the matrix A := P 'AP is similar to A. Observe that a matrix similar to an
expansive matrix is again expansive as it has the same eigenvalues. Since Dp is unitary,
properties such as the frame and Bessel property carry over between the two systems.
Hence, it is possible to reduce studies of wavelet systems with general translation lattices
to the setting of integer lattice. An example of such reduction technique is given in
Corollary 3.3.

Therefore, we can without loss of generality restrict attention to wavelet systems as-
sociated with (A, Z"), i.e.,

AW) =A{jp:j € Z,k € Z", ¢ € V},
and oversampling of such systems. Let A be a lattice in R™ containing the integer lattice
7", i.e., Z" C N. Then,
N CZ" CA,
where the dual lattice of A is
N ={neR":(n,\) €Zforall A € A}

The A-oversampled wavelet system is just a normalized version of the original wavelet
system with translation lattice A:

AdNY2T, A N) = {d(NY2 0§ €Z, N e Nyp € T}

Here, d(A) = | det P| is the determinant of the lattice A = PZ"™ for some P € GL,(R).
Note that 0 < d(A) < 1 < d(A*) and that d(A) = 1 only when A = Z".
Given a matrix B € GL,(R) and a lattice A, we define a countable subgroup of R" by

ZBU\* ={reR":z= ij, z; € BIN*, x; = 0 for all but finitely many j}.
jez jez

Once the dilation A is chosen, our convention is to let B = A”. We shall prove our main
oversampling result under the assumption that

(Z Bj/\*) NZ" C N (3.3)

JET

To achieve this we shall establish the following key lemma as a consequence of Lemma
2.4 and Theorem 2.8.

Lemma 3.1. Let A € GL,(R) be ezpansive and let A\ be a lattice in R™ containing Z™ and
satisfying condition (3.3). Then, for any J € N and € > 0, there exists a set K = K,
which is e-approzimate transversal constellation of AANJAYZ™ for all |j] < J.
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Proof. Fix J € N and let F = UIJ’\SN B F,, where [y is a basis of the lattice A*. By
Proposition 2.6 one can show that for any € > 0 there exists 6 > 0 such that

F* c () (AA+ B(0,¢)).
l71<2J

Thus, applying Theorem 2.8 to G = le\ﬁw BIA* and using G NZ"™ C N* yields
AC () (AA+B(0,e)) + 2"

l7]1<2J
For any € > 0 we can find ¢’ > 0 such that A"(B(0,¢’)) C B(0,¢) for |i| < J. Thus, the
above formula can be strengthened to
AN= ) (APA+A(B(0,£))+AZ" C () (AA+B(0,e))+A'Z"  for all |i| < J.
l71<2J 1<

For |i| < J, we define lattices A; = A'A and [, = A'Z". By Lemma 2.4, for each
e > 0 there exists a set K = K. with cardinality #|K| = (#|A/Z"])*/*!, which is
e-approximate transversal constellation of each A;/T;, |i| < J. O

3.2. Second Oversampling Theorem for real dilations. Our main oversampling
result takes the following simple form.

Theorem 3.2. Let A € GL,(R) be expansive, B = AT, and ¥ C L*(R"). Take N D Z"
to be a lattice in R" satisfying (3.3). If A(V, A,Z"™) is a frame with bounds C and Cy,
then so is A(d(N)V/2W, A, N).

Theorem 3.2 automatically implies a more general result for wavelet systems associated

with an arbitrary dilation lattice I'.

Corollary 3.3. Let A € GL,(R) be expansive, B = AT, ¥ C L3*(R"), and T be a full
rank lattice. Assume that the oversampling lattice N D T satisfies

(Z BJ’/\*) N c A~ (3.4)
jez

If A(, A,T) is a frame with bounds Cy and Cs, then so is A((d(N)/d(T))Y/2¥, A, N).

Proof. Consider the dilation matrix A = P~*AP and the oversampling lattice A = P1A,

where I' = PZ" for some P € GL,(R). Then, the transpose B = AT = PTB(PT)~! and
the dual lattice A* = PTA*. The condition (3.4) implies that

<Z Bﬂ’i\*) NZ" = (Z PTBjA*> nz" = pT ((Z Bﬂ’/\*) n r*) C PTA" = A",

JEZ JEL JEZ
Thus, (3.3) holds for the dilation B and the lattice A. By our hypothesis, the identity

(3.2) implies that A(Dp¥, A, Z") is a frame with bounds Cy and Cy. Therefore, Theorem
3.2 implies that

AR D, 4, R) = Dp(AWR)T, A, PA)) = Dp(A((d(N)/d(1) W, A, A))

is also a frame with the same bounds. This concludes the proof of Corollary 3.3. O
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In order to prove Theorem 3.2, we need the following variant of |8, Proposition 3.4]
for an arbitrary translation lattice .

Proposition 3.4. Let A € GL,(R) be expansive, B = AT, W = {4y,... 1} C L*(R"),
and I be a full rank lattice. Suppose that each v € VU satisfies the local integrability
condition

S|ise] € L (o)), (35)

JEZL
Then, for each f € P, the function

wx)= Y (Lo =dD)Y NS (T f, DT

gEA(A(M)Y/2T Al =1 j€Z ~er

1s an almost periodic function that coincides pointwise with the absolutely convergent

series
YT S mpeen, (3.6)

I=1 jE€Z mer*

where

Galm) = | JEOF(E + BIm) du(BHEBT (€ + Blm)) de.
We also use the notation:

N(TLT) = Y [Tef)l, (3.7)

gEA(A(T)L/2 T, A]T)

hence N(f? r) = ’LU(O) - Zlel Zjez Zmer* Cj,l(m)'

The proof of Theorem 3.2 relies on the following key result on translational averaging
of wavelet functionals motivated by the results of Laugesen [30]. This theorem is a
consequence of our results on the existence of simultaneous approximate transversal
constellations, see Lemma 3.1.

Theorem 3.5. Let A € GL,(R) be expansive, ¥ C L*(R™), and let N be an lattice
in R™ containing Z™ and satisfying condition (3.3). Suppose that the wavelet system

A(W, A, Z™) is Bessel sequence. Then, there exists a sequence {D;} jen of finite subsets
of R™ such that

N(f,N) = lim

Hm#w SN2 forfe?, (3.8)

deDy

where P is given by (1.1) and N by (3.7).

Proof. Since A(V, A,Z") is a Bessel sequence, the series in (3.5) defines a bounded func-
tion, see [8, 24]. Therefore, we can freely apply Proposition 3.4.

Fix JeNand f € 4. Let € > 0, and let K = K. be an e-approximate transversal
constellation of A7A/AIZ™ for all |j] < J as provided by Lemma 3.1. We want to express
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N(f,N) as an average of N(T,f,Z"™) over such e-approximate transversal constellations
of AINJAIZ". Thus, we consider

i LM 2= g D35 3 e

deK deK 1=1 |j|<J meZr

ZZZ D cpalm) e

deKl 1 |j|>J mezn
= Il(J) + L(J), (3.9)

which follows by (3.6). By the absolute convergence of the sum above, we conclude that
I)(J) — 0 as J — oo regardless of the choice of K. Let d,n« = 1 if m € A* and 0
otherwise. By Lemma 2.2 we have that

— XL: >y Cj,z(m)’ = ZL: > Cj,l(m)<#|K| 2° i 5m’A*>'

I=1 |j|<J men* I=1 |j|<J mezZ™ deK
L
Z > ) leju(m)| min{O(|B/mle), 1} — 0
I=1 |j|<J meZ™

as ¢ — 0. Indeed, the last step follows from the absolute convergence of the series
Zl,jnn ¢ji(m) and the Lebesgue Dominated Convergence Theorem. Consequently, we
can find a sequence {D;}jen of finite subsets of R” defined by D; = K. for some
sufficiently small € = ¢(.J) > 0 such that

ST N(Tuf, z) = L(J) + I(J %ZZZQI N(f,N)

deDy I=1 jEZ meN+

#‘DJ‘
as J — 0o. This completes the proof of Theorem 3.5. O

Proof of Theorem 3.2. Assume that the wavelet system A(¥, A, Z") is a frame for L*(R")
with bounds C, Cy. By our hypothesis there are constants C7, Cy > 0 so that
CLlIfIP < N(f,ZM) < Co|lfIIF Vf e LP(RY).

Let {D;}jen be a sequence of finite subsets such that (3.8) holds. Fix J € N. For each
d € Dj we have

CLllfIP < N(Tuf, Z") < Co | fIIF - Vf € L*(R"),
where we have used that ||T,f|| = ||f|| for z € R". Adding these inequalities for each
d € Dy yields:

#|Dy| CLIFI* < Y N(Tuf, Z") < #1Ds| Ca|If |1

deDy

Taking the limit J — oo gives us

CilIfI” < Jim #|D | 3 N(Tuf,Z") < CoIf )

deDy
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for all f € L?*(R™). By an application of Theorem 3.5, we arrive at
CFIF < NN <GP for fe 2.

Extending these inequalities to all of L?(R") by a standard density argument completes
the proof of Theorem 3.2. O

Example 1 (Rational dilations in one dimension). Let A = BT = p/q € Q for relatively
prime p,q € N, and let A = 1/\Z for some A € Z. Then A* = A\Z, and condition (3.3)

o <Z (Z—’)jAZ) NZC \Z. (3.10)

ez 4

2 <§>JZ - (pclz)" “

l71<J

Since, for J € Z,

condition (3.10) is equivalent to

MO (pg)' 7 C Npq)'Z  VJ € Z,
or in other words,

lem(\, (p)”)Z € Mpg)’Z  ¥J € Z.

Hence, A needs to be relatively prime to (pq)”’ for J € N, or simply, relatively prime to
p and ¢. In this case, B = p/q and N* = M\Z satisfy (3.3). Thus, if A(V,p/q,Z) is a
frame with bounds C; and Cs, then so is A(A™Y/2W, p/q, 1/A\Z) whenever ) is relatively
prime to p and ¢. However, note that such B = p/q and A* = A\Z do not satisfy either
of the conditions (i)—(iv) in Proposition 3.6 in the next section, in particular, BA* ¢ A*.
Therefore, none of the previously known equivalent conditions on oversampling lattices
in the integer setting, which are described in the next subsection, are satisfactory for
non-integer dilations.

3.3. Related work for integer and rational dilations. The Second Oversampling
Theorem is well-known for integer, expansive dilations and assumptions on the oversam-
pling lattice A as (3.11) or (3.12) below. We briefly review the relationship between
previous results and Theorem 3.2.

Laugesen [30, Theorem 6.1| proved the Second Oversampling Theorem under the as-
sumption that A is prime relative to A and that A preserves the lattice A:

BZ" NN C BA\* C N\, (3.11)

The result in [30, Theorem 6.1] is stated for both expansive and amplifying dilations; in
this paper we only consider expansive matrices.
The formulation of Ron and Shen [31, Theorem 4.19] of the same result uses the
assumption
BIZ" NN = BA* forall j > 0. (3.12)
This condition is equivalent to (3.11). It is obvious (take 7 = 1) that (3.12) implies that
BN C N
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Yet another equivalent set of assumptions is used in the formulation of the Second
Oversampling Theorem of Johnson [27, Theorem 3.2|:

ANCA  and  AT'Z'NA=Z" (3.13)

Note that the assumption Z™ C A in |27, Definition 2.2| is not necessary since it is implied
by (3.13).

Finally, Chui and Sun |21, 22| have completed the theory of oversampling of tight
affine systems with integer dilations. In [22, Theorem 4.1] they characterized lattices A
for which the conclusion of the Second Oversampling Theorem holds. The oversampling
by A preserves tightness for all tight affine frames if and only if A satisfies (3.12) and
hence any of its equivalent forms listed above. Moreover, Chui and Sun characterized the
preservation of tightness for fixed generators ¥ of tight affine frame in terms of explicit
equations involving generators in the frequency domain and identities involving so-called
“oversampled frame operators” in the space domain.

In light of Chui and Sun results [22], it is not surprising that, for integer dilations,
all of the previously studied conditions on tightness preserving lattices A are equivalent
to our newly introduced condition (3.3). We state these conditions in the proposition
below.

Proposition 3.6. Suppose that A = BT € M, (Z) is invertible and Z™ C N. Then, the
following assertions are equivalent:

(i) BZ" NN C BN* C ¥,

(ii) BIZ" N N* = BIN* for all j >0,

(iii) AN C N and A7'Z" NN = 17",

(iv) BN* C N* and (N*\ BN*) C (Z"\ BZ"),

(v) BPZ" N C B'A* for all j € Z.

(vi) (X ez BIN) NZ" C A

Proof. (i) = (ii): For j = 0 there is nothing to prove since A* C Z". For j = 1 we only
need to prove BZ™ N AN* D BA*, but this follows from A* C Z" and BA* C A*. We now
prove (ii) for j = 2. Using BZ™ C Z" and BZ" N A\* C BA* we find
B*Z"NN* = B*Z" NN N BZ"
C B*Z" N BN* = B(BZ" N \*)
C B(BA*) = B*A*.
The other inclusion follows from:
B*\* = B(BA*) C B(BZ" N \¥)
= B?Z" N BN* C B*Z" N N,
where we have used BA* C A* and BZ" N A* D BA* from the case j = 1. The argumen-
tation is similar for j > 3.
(ii) = (i): Take j = 1 in (ii), that is, we have BZ" N A* = BA*. It follows that
BA* C A* and BZ" N A* C BA*.
(ii) < (iii) is proved in |27, p. 636]; alternatively is (i) < (iii) proved in [27, p. 637].
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(i) = (iv) is proved in [30, p. 227|. (iv) = (i): Suppose z € A*. If ¢ BA*, then
x ¢ BZ". In other words, if x € BZ", then x € BA*. Hence, BZ" N N* C BA*.

(i) = (v): This implication is immediate for 7 > 0 by (ii). If j < 0, then (v) is
equivalent to Z" N B~7A* C A*, which holds by BA* C A*.

(v) = (i): Taking j =1 and j = —1 in (v) shows the first and the second inclusion in
(i), respectively.

(v) & (vi): Take x € 3, B/A*. Since (v) = (i), we know that BA* C A*. Hence,
r € BA* for some j, € Z. This shows the implication (v) = (vi). The opposite
implication is trivial. U

Example 2 (Rational dilations in higher dimensions). Hernandez, Labate, Weiss, and
Wilson |25, Theorem 2.12| have proved the Second Oversampling Theorem for a class of
rational, expansive dilations A = PQ™! € GL,(Q), where P,Q € M,(Z) are invertible,
and P commutes with ). The assumptions on the oversampling lattice is that

PT7"n N = PTA*, QTZ" NN = QTN (3.14)
which are higher dimensional analogues of Example 1. We remark that in [25, Theorem
2.12] it is also assumed that RPR™', RQR™' € M,(Z) for A = R™'Z", but this is
equivalent to PTA* C A* and QTA* C A*, and therefore follows from (3.14).

Theorem 2.12 in [25] is in fact a special case of Theorem 3.2. To see this assume that

the assumption of Theorem 2.12 in [25] holds and note that by Proposition 3.6 (i) = (iv)
it then follows that

(N \ PTAY) C (Z"\ PTZ™) (3.15)
and

(N\ QTA) € (Z"\ Q"Z"). (3.16)
By commutativity of PT and Q7, Equation (3.15) implies
(QTA\ PTQTAY) € (QTZ"\ PTQTZ") € (2" \ PTQTZ"),
which in turn implies that
(M \ PTQTAY) € [(M\ QTA") U QTA] \ PTQT N
c [z \ QTZ" U QTA*] \ PTQTA
C (Z\QTZM U (Z\ PTQTZY)
= @\ P'Q"z")
where we have used (3.16) in the second step. We have showed that
(N \ PTQTAY) € (2\ PTQTZ")
holds, which by Proposition 3.6 (iv) = (v) for B = PTQ” implies that
(PTQYYZ"n A C (PTQTYN*  forall j€Z,
that is,
Z" N (PTQYY A c A+ forall j € Z.
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Since (PT)~/A* =37, ,(PT)A* for any J € N, we have, in particular, that

@) S (PN C A

ljl<J
and by commutativity of Q7 and P that
Z"0 Y (PTYQT) TN C N
lil<J
Since (QT)IA* C (QT)~/A* for |j| < J, it then follows that
Z"0 Y (PTY(QT) TN C N
lj1<J

which, since J > 0 is arbitrary, implies
ZM Y (PTY(QT) N C A
JEL
Using commutativity of PT and Q7 the last equation implies that (3.3) holds.

3.4. Oversampling with the support condition. In the following theorem we relax
the condition (3.3) from Theorem 3.2 by supposing a support condition. The result
resembles somewhat Theorem 3 in [16] referred to as the First Oversampling Theorem.

Theorem 3.7. Let A € GL,(R) be expansive and ¥ C L*(R™). For Jy € Ny take N D Z"
to be a lattice in R™ satisfying:

(Z Bﬂ’/\*) NZ" c B~N*. (3.17)
JEZ
Suppose that every v € U satisfies the support condition:
DEOVE+EK) =0 forall k € Z"\ BPZ". (3.18)
Then, if A(V) is a frame with bounds Cy and Cy, so is A(d(AON)Y/2W, A, A=T0N).

Proof. We will only sketch the proof since it is similar to that of Theorem 3.2. Again, the
key ingredient is to show the translational averaging formula (3.8). Since A(W, A, Z") is
a Bessel sequence, we can freely apply Proposition 3.4.

First observe that (3.17) implies that A* = A* N Z" C B~ A*. By taking duals, we
have A D A%A and thus A € A= A. Hence, it is meaningful to talk about the quotient
groups AT=NN/AIZ™ for j € Z. Fix J € N. Mimicking the proof of Lemma 3.1 we
can show that for all € > 0, there exists K = K ;. which an e-approximate transversal
constellation of A7=A/AIZ™ for all |j] < J.

Fix f € 2. As in the proof of Theorem 3.5 we consider I1(.J) and I5(J) defined in
equation (3.9). As before we have I5(J) — 0 as J — oo. Since ¢;;(m) = 0 for all
m € Z" \ B7Z" by (3.18) we have that

co(m 27rz (BIm,d)
ZZ Z gl (m #|K|Z

I=1 |j|<J me(BJozZn)NZ" deK
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As in the proof of Theorem 3.5 by Lemma 2.2 one can show that

R 3 SHED DRIRTITES 35 Dib Dt

I=1 [j|<J me(BJoA*)NZ" I=1 |j|<J meBJoA*

as € — 0. The last step is a consequence of B°A* C A* C Z". It follows that we can
find a sequence {D;} jen of finite subsets of R™ such that

N N(Tuf.Z") %ZZ Y. culm)=N(f,A7"N)

#|DJ| deD,y I=1 JEZ meBIoN*

as J — 0o. The rest of proof goes along the lines of the proof of Theorem 3.2. O

Remark 3.8. Observe that (3.17) implies the following weaker condition
BPH7ZM AN C BIN° forall j € Z. (3.19)

Moreover, under the extra assumptions A € M, (Z) and BA* C A* one can show, by
replicating the proof of Proposition 3.6, that condition (3.17) is equivalent with

Bz AN € BA*. (3.20)

Recall that under these assumptions condition (3.3) from Theorem 3.2 is equivalent to
BZ™ N N* € BN* which is more restrictive on A and A than (3.20). Indeed, for n =1
with A =a > 1 and A = Z/\, where a, A € N, condition (3.3) is satisfied if and only if
a and A are relative prime, while (3.20) and hence (3.17) are satisfied exactly when aA
divides lem(a”0*1, \). In particular, for any given a, A € N, we can always find a J; € Ny
such that (3.17) is satisfied.

4. OVERSAMPLING OF DUAL FRAMES FOR REAL DILATIONS

In this section we establish the analogues of Theorems 3.2 and 3.7 for dual affine
frames. We also give a counterexample to a result of Chui, Czaja, Maggioni, and Weiss
[15] on the oversampling of rationally dilated dual affine frames.

For Bessel affine systems A(V, A, ) and A(®, A,T), we define, for each o € Z"™:

L
LO=>"" > h(BIYHNBIE+a)).
I=1 jeZ:B~iael*
It is well known that two Bessel families A(V, A, ") and A(®P, A, ) are dual frames if,
and only if, ! (§) = 0, for a.e. £ and all @ € Z". The proof of this result can be found
in [15, Theorem 4] and [24, Theorem 9.6].

4.1. The Second Oversampling Theorem for dual frames. Before we present the
main results of this section, we introduce yet another condition on the oversampling
lattice A D Z™:

BIZ" NN C BPA* forall j € Z. (4.1)

This new assumption on A is obviously weaker than (3.3). The following result can then
be seen as an analogue of Theorem 3.2 for dual affine frames.
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Theorem 4.1. Let A € GL,(R) be expansive and ¥, ® C L*(R™). Suppose that either
of the following assertions hold:

(i) The oversampling lattice N D Z" satisfies (4.1) and the oversampled affine systems
A(d(NV2U, A N) and A(d(N)V2®, A, N) are Bessel sequences.
(ii) The oversampling lattice N D Z™ satisfies (3.3)

Then, if A(V) and A(®) are dual frames, so are A(d(N)/>¥, A, ) and A(d(N)/?®, A, N).

Proof. (i): By [15, Theorem 4] it suffices to prove that t(§) = .0 for a € Z™. From our
hypothesis we know that tZ"(£) = §,0. Fix a € Z". We first note that

{jeZ:B7aeN}c{jeZ:B7acl"}, (4.2)

since A* C Z". Then, we claim that equality between the above sets holds when
{j €7Z: B7a € N} is non-empty. To see this take j € Z so that B~a € Z". By
assumption there is a jy € Z such that B~°a € A*. Thus, by (4.1),

a € BZ" N BN = B(BIT0ZM N N*) € B (BITPA*) = BINY,

that is, B~7a € A*.

If {j€Z:B7aeN} =10 for some (nonzero) a € Z", then trivially t}(£) = 0. On
the other hand, if {j € Z: B~7a € A*} is non-empty, then tA(£) = tZ"(£) = 40 by the
claim above. The conclusion is that t}(£) = 0, for a € Z".

(ii): By Theorem 3.2 the oversampled systems A(d(A)/2¥, A, \) and A(d(N)/2®, A, \)
are frames hence, in particular, Bessel sequences. The result now follows directly from
Theorem 4.1(i). O

As a direct consequence of the proof of Theorem 4.1(i) we have the following oversam-
pling result for Parseval (tight) frames.

Theorem 4.2. Let A € GL,(R) be expansive and ¥ C L*(R™). Take A D Z" to be a
lattice in R™ satisfying (4.1). If A(V) is a Parseval frame, then so is A(d(N)Y/?¥, A, N).

4.2. Related work. Laugesen [30, Theorem 8.3| has proved the Second Oversampling
Theorem for dual frames for integer (and expansive or amplifying) dilations A € M,,(Z)
under the assumption (3.11) and, as usual, Z™ C A. Within the settings of expansive
dilations, Theorem 8.3 in [30] is therefore a special case of Theorem 4.1.

Chui, Czaja, Maggioni, and Weiss have three versions of the Second Oversampling
Theorem for dual frames [15, Proposition 1]. In our notation, their results can be sum-
marized as follows:

(i) The first result uses the assumptions [15, (4.1) & (4.2)] and that some power of B
preserves the lattices Z" and A* (a priori need not be the same power), i.e., there
exist 7,7 € N such that

B'ZM cZ",  Z'NBZ={0} for 0 < j < 7, (4.3)
BYN* C A\, AN BN = {0} for 0 < j <7/, (4.4)
A\ BYN* C Z"\ B'Z".
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As we will see in Remark 4.3 below, the powers v and +' must be actually equal,
and consequently our condition (4.1) will hold. In particular, the hypothesis [15,
(4.1)] is unnecessary.

(ii) The second statement is incorrect (see Example 3 below for a counterexample).

(iii) The third result uses the assumptions A* C Z" and B'Z" N Z™ = {0} for all j > 0.
This implies B/Z" N Z" = {0} for all j # 0 which implies our condition (4.1) since
A* C Z". We also note that the condition A € E3(CB) in [15], i.e., BPA*NA* = {0}
for all j > 0, is implied by B/Z™ N Z" = {0} for all j > 0. Hence, A € F3(B) N
E3(CB) could be replaced by A € E3(B) in [15, Proposition 1(iii).

Consequently, the oversampling result in [15] is also a special case of Theorem 4.1. We
also remark that the necessary condition that the oversampled affine systems are Bessel
sequences is missing in all three statements in [15, Proposition 1|. This condition can
of course be left out if the second oversampling theorem for frames is available (e.g.,
as in Theorem 4.1(ii)) or if one is working with tight frames (e.g., as in Theorem 4.2).
However, in general we believe the following is an open problem.

Question 1. Let ¥ C L*(R") and A € GL,(R) be expansive. Suppose that an affine
system A(W) is a Bessel sequence and a lattice A D Z™. Is the oversampled affine system
A(d(N)Y2W, A, N) necessarily a Bessel sequence?

Remark 4.3. Assume that a dilation B and a lattice A satisfy (4.3)—(4.5). By the Smith

normal form theorem, see [32, Theorem 3.7|, there is a basis vy, . . ., v, of the lattice A* and
integers oy; € N (i = 1,...,n) satisfying 1 < ay <--- < «, such that ajvy, ..., a,v, is a
basis of the lattice BY A*. Since BY'A* is a proper sublattice of A* (B is expansive), not all
a; will be equal to one; in particular «,, > 2. Define w; = vy + vy, ..., Wy 1 = Vy_1 + Uy,
and w,, = v,, i.e., considered as (coordinate) column vectors we define W = V P, where

(1 0 0 -+ 0]

o1 0 -+ 0

W=1lwy-wy], V=_[v-v,), P=|: ' :
00 0 .0
11 1 - 1

Note that A* = VZ™ = V PZ"™ = WZ" since the matrix P is integer valued and det P = 1.
Therefore, {w1,...,w,} is also a basis of A*, but with the property that w; ¢ BYA* for
alli=1,...,n.

Now, by (4.5), we have w; € Z", and thus A* C Z". Combining this with (4.3) and
(4.4) implies that " > «. Using the fact that there exists m € N such that mZ" C A*,
which e.g., follows from formula (2.3) in [8] with m = d(A*), we can also deduce that
v > 7. Thus, conditions (4.3)-(4.5) imply that BY € M,(Z), \* C Z", BYA* C \*, and

N\ B'N* C 7"\ B'Z".

By the equivalence (iv) < (v) in Proposition 3.6 applied for the dilation BY we deduce
that (4.1) holds for j € vZ. If j & vZ, then B’Z" N N* C B’Z" NZ" = {0}, and thus
(4.1) holds for all j € Z.
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Example 3. We consider oversampling of dual frames in L?(R) with dilation parameter
A = 3/2. In this setting, Proposition 1(ii) from [15] states that if A(¢),3/2,Z) and
A(¢,3/2,7Z) are dual frames, so are A(27V/%,3/2,Z/2) and A(272¢,3/2,7/2); hence,
in particular, if A(1),3/2,Z) is a Parseval frame, then so is A(27"/%¢,3/2,7/2). We will
exhibit a generator 1 € L*(R) contradicting this statement. Note that the conclusion
from our Theorem 4.1 is that oversampling lattices A = 1/A\Z with A\ € {1,5,7,11,...}
will guarantee preservation of tightness/duality, see Example 1. The definition of 9 is:
L €e4/3,3/2),

. L —-1,-2 1,4 2,2
Je=4V, gi—?)’/Q _/iU[ ,4/3)U[3/2,2],

\/i ) Y

0 otherwise,

see also Figure 1.

S

FIGURE 1. Graph of 1/1

We will first show that A(v),3/2,7) indeed is a Parseval frame. By [19, Corollary 2|
an affine system of the form A(A"'/%¢,3/2,1/\7Z) is a Parseval frame if, and only if, for

a.e. £ € R,
2

JEL

2

((EYE)| =1 (4.6)

s

DEYED(()(E+25at)) =0 for s=0,1,... and t € Z\ (2ZU3Z).  (4.7)
=0
It is easy to see, e.g., from Figure 1, that equation (4.6) is satisfied. Since
supp ¢ ((3)7(- +2°1)) C [=2,2) = 2° for j >0, (4.8)
we have that

supp ¥ ((2)’-) Nsupp((3)7(- +2°t))| =0 for |t| > 5 and s > 0.
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Therefore, we only need to verify (4.7) with A = 1 for ¢ = £1. This is trivial when s = 0
since ¢ has disjoint support with both ¥ (- 4+ 1) and ¥ (- — 1). For ¢ = +1 we have

D)€ — 26) + (3D (€ — 2t)) = Lpya0(E) — $1pasaeg(E) =0,

as seen from Figure 1 and 2. This shows (4.7) for s = 1. When s > 2 the equations in
(4.7) are trivially satisfied by (4.8), which, in turn, proves that A(¢, 3/2,Z) is a Parseval
frame.

Sl =

—13

S

—_

FIGURE 2. Graph of 1(3(¢ 4 2)) (dashed), 1(3¢) (solid), and ¥ (2 (¢ — 2)) (dotted).

For A = 2 equation (4.7) with s = 0 and ¢ = £1 becomes 1 (£)¢(€ £ 2) = 0 which is
clearly not satisfied (see Figure 1). Therefore A(27/?4,3/2,7Z/2) is not a Parseval frame
contradicting [15, Proposition 1(ii)]. On the other hand, we observe directly from the
characterizing equations (4.6) & (4.7) that A(A~Y/24,3/2,1/)\Z) actually is a Parseval
frame for any \ > 4.

The proof of [15, Proposition 1(ii)] is based on higher dimensional analogous of the
characterizing equations (4.6) and (4.7). The mistake in the proof follows from the fact
that the parameter s is not only present in the 1&((%)] (++2%t))-term, but also determines
the number of terms in the sum (4.7). Therefore one cannot replace only one instance of
s with s+ 1 as done in the proof without changing the conditions in a profound way.

4.3. Oversampling of dual frames with the support condition. The following

result is an analogue of Theorem 3.7 for dual affine frames using the weaker condition
(3.19) instead of (3.17).

Theorem 4.4. Let A € GL,(R) be expansive and ¥,d C L*(R"). For Jy € Ny take
N D Z" to be a lattice in R™ satisfying (3.19). Suppose that, for everyl=1,...,L,

D(E)d(E+K)=0  forallk e Z"\ B"Z", (4.9)

and that A(d(N)Y2W, A, N) and A(d(N)'/?®, A,\) are Bessel sequences. If A(¥) and
A(®) are dual frames, then so are A(d(N)V2W¥, A, \) and A(d(N)Y2®, A, N).

Proof. By [15, Theorem 4] it suffices to prove that

=Y Y. GBIOA(BI(E+a)) = dag

I=1 j€Z:B~iaeN*
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for € Z". From our hypothesis we have that t2"(¢) = d,0. Fix a € Z". We can
assume that {j € Z : B7a € A*} is non-empty; otherwise, we have nothing to prove. In
this case, we claim that

{jeZ:B7aeN}>{jeZ: B7/ac B"7"}.

To see this take j € Z so that B~7a € B%Z". By the assumption on «, there is a j, € Z
such that B=°a € A*. Thus, by (3.19),

a € BPYZ N BN = BP(BYt Tz A NY) € BP(BTNY) = BINY,

that is, B~/ a € A*.

In 2" (&) we sum over {j € Z : B~Jo € Z"}, but since ¢y (B 7€) ¢ (B~ (€ + ) = 0 for
all B7a € Z"\ B?Z™ by (4.9), this can be replaced with {j € Z: Ba € BPZ"}. In
other words, tZ"(£) = t27%"(€¢). Therefore, by (4.2) and the claim, we conclude that
tg(&) = 0q,0- U

5. TIGHT OVERSAMPLING AND SHIFT INVARIANCE GAIN

In the final section we restrict our attention to the setting of integer dilations. Our
goal is to provide a link between the improved shift invariance of the core space of an
orthogonal wavelet and dilation matrix oversampling, i.e., oversampling by special classes
of lattices of the form A = A™°Z", s € N. These types of lattices are the antipodes of
admissible lattices for oversampling listed in Proposition 3.6. Thus, they might appear
as the worst choice of lattices for showing oversampling results.

In spite of this, we show that this class of lattices plays an important role in linking
oversampling with additional shift invariance of the core space. More precisely, the preser-
vation of tight frame property when oversampling by such lattices is actually equivalent
with the membership in Behera-Weber classes of wavelets [2, 33]. Other results about the
dilation matrix oversampling were obtained earlier in |9, 15]. By Remark 3.8, our results
on oversampling with the support condition, Theorems 3.7 and 4.4, are also applicable
for lattices A = A7*Z™ since both (3.17) and (3.19) hold with J; = s.

Suppose that 1 € L?*(R") is a semi-orthogonal Parseval wavelet. This means that
A(W) ={yjr:j € Z, k € Z"} is a Parseval frame and

<1/}j,k71/}j/,k’> =0 for all J # jl e, k, K eZz".
The space of negative dilates of 1 is defined by
V =V(¢) =span{y;:j <0,keZ"}.

Following Behera [2] and Weber [33| we define the classes of wavelets with respect to
the extent of shift invariance of corresponding spaces of negative dilates.

Definition 5.1. We say that a semi-orthogonal Parseval wavelet ¢/ belongs to the class
L., r e NU{0},if V() is A7"Z"-S1. We say that ¢ € L, if V() is invariant under all
translations T;, y € R".

By definition Behera-Weber classes are nested, i.e., £, C L,,1. However, it is much
less obvious that the above inclusions are proper, i.e., £, # L, forallr =0,1,.... This
result is due to Behera [2, Theorem 3.4].
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Theorem 5.2. Suppose p € L*(R"™) is a semi-orthogonal Parseval wavelet associated
with dilation A € M, (Z). Then for any r € NU {oc}, the following are equivalent:
(i) Y € Ly,
(11) W () = span{tpoy : k € Z"} is A~"Z"-SI,
(iii) |K N (K 4+ k)| =0 for all k € Z"\ B"Z", where K = supp ),
(iv) The oversampled wavelet systems A(|det A|=/%y, A, A=5Z") are Parseval frames
for each s=1,...,r.

When r = oo we use the convention that A~"Z"™ = R™ and B"Z"™ = {0}. Thus, (ii)
reads that W () is invariant under all translations in R™, which is easily seen to be
equivalent with ¢ € L, and thus 1 is an MSF semi-orthogonal Parseval wavelet, that
is [)| = 1k for some measurable set K C R™.

Proof. The equivalence (i) < (ii) for orthogonal wavelets is shown in [2, Lemma 2.2].
The following argument extends this result to Parseval semi-orthogonal wavelets.

First, assume (ii). If W (v) is A7"Z"-SI, then so are the spaces D 4; (W (v)) for j > 0.
Since v is a semi-orthogonal wavelet, we have

L
Vi) =@ wWw) = (@ D)) .
J<0 720

and thus (i) holds. Conversely, (i) and the identity W (¢) = D4s(V(¢)) © V(¥) imply
(ii).

The equivalence (ii) < (iii) for orthonormal wavelets can be found in [2, Theorem
2.5]. The following argument extends this result to Parseval semi-orthogonal wavelets as
a consequence of a more general lemma about shift-invariance gain for SI spaces, which

is motivated by the results from [1]. Indeed, (ii) < (iii) follows from Lemma 5.3 with
V=W()and A= A""Z".

Lemma 5.3. Suppose V' is a principal Z"-SI subspace generated by ¢, and Z" C A.
Then, V' is N-SI if and only if

IKN(k+K)|=0  forallk eZ"\ N, where K = supp . (5.1)
Proof. The fact that V is a principal SI space with respect to shifts in Z" implies that
V={feL*R"): f(&)=m(&)p(€) ae. &, for some measurable Z"-periodic m},
see 3] or [4]. If V' is also A-SI, then we also have
V ={feL*R"): f(&)=m()p(€) ae. & for some measurable A*-periodic 1m}.

Let S = |J ca-([0,1]" + ) and K = supp¢. Since m = 1g is A*-periodic, there exists
Z™-periodic m such that

m(&)@(&) = m(§)p(§)  for ae. &
This implies that m(§) = 1 for a.e. £ € K NS. Thus, for a fixed ky € Z" \ A*, we have
m(§ — ko) =0 and m(§ — ko) = 1 for a.e. £ € KNS. Thus, we must have p(§ —kg) =0
for such &, which shows that |K N (ko + K)N S| = 0. Replacing S by its translate k + 5,
shows that |K N (K 4 ko) N (k+ S)| = 0 for all k£ € Z™, and thus (5.1) holds.
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Conversely, assume (5.1). Let D > 0 be the set of representatives of distinct cosets
of Z™/N*. Suppose that f € L?(R") belongs to the A-SI space generated by ¢, i.e.,
F(&) = m(€)@(€) a.e. for some measurable A*-periodic function /. Define Z"-periodic
function

m() =Y m(€+d1g(+d),  where K = | J (K +7).

deD YEN*

Our assumption (5.1) implies that |(K —d) N K| =0 for d € D\ {0}, and hence
m(§)@(€) = D& + d1g(€+ d)p(€) = (@) forac. &

deD

This shows that A-SI space generated by ¢ actually coincides with V. This completes
the proof of Lemma 5.3. O

Finally, the equivalence (iii) < (iv) can be deduced from wavelet characterizing equa-
tions for integer dilations [5, 12| as in the work of Catalan [13] and Chui and Sun [21, 22].
Indeed, the fact that both A(i), A, Z") and A(|det A|=*/%¢), A, A5Z"), s € N, are Par-
seval frames implies that

s—1
S G(BEOUBI(E+q) =0 forae. and for g € Z"\ BZ". (5.2)

J=0

In particular, (5.2) with s = 1 implies that |[K N (¢ + K)| = 0 for ¢ € Z™ \ BZ". Then,
by induction (5.2) implies that |K N (B* ¢+ K)|=0forq € Z"\ BZ" and s =1,...,r.
Since, J._, B*"Y(Z" \ BZ") = Z™ \ B"Z", we have (iii). Conversely, (iii) implies that
formula (5.2) holds for s = 1,...,r. Thus, by [22, Theorem 2.1] the affine systems
A(|det A|=*/%p, A, A—°Z"), s = 1,...,r, are Parseval frames, which is the assertion (iv).
This completes the proof of Theorem 5.2. U
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