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ABSTRACT We present an outline of how the ideas of self-similarity can
be applied to wavelet theory, especially in connection to wavelets associated
with a multiresolution analysis of R™ allowing arbitrary dilation matrices
and no restrictions on the number of scaling functions.

2.1 Introduction

Wavelet bases have proved highly useful in many areas of mathematics,
science, and engineering. One of the most successful approaches for the
construction of such a basis begins with a special functional equation, the
refinement equation. The solution to this refinement equation, called the
scaling function, then determines a multiresolution analysis, which in turn
determines the wavelet and the wavelet basis. In order to construct wavelet
bases with prescribed properties, we must characterize those particular re-
finement equations which yield scaling functions that possess some specific
desirable property. Much literature has been written on this topic for the
classical one-dimensional, single-function, two-scale refinement equation,
but when we move from the one-dimensional to the higher-dimensional
setting or from the single wavelet to the multiwavelet setting it becomes
increasingly difficult to find and apply such characterizations.

Our goal in this paper is to outline some recent developments in the
construction of higher-dimensional wavelet bases that exploit the fact that
the refinement equation is a statement that the scaling function satisfies
a certain kind of self-similarity. In the classical one-dimensional case with
dilation factor two, there are a variety of tools in addition to self-similarity
which can be used to analyze the refinement equation. However, many of
these tools become difficult or impossible to apply in the multidimensional
setting with a general dilation matrix, whereas self-similarity becomes an
even more natural and important tool in this setting. By viewing scal-
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ing functions as particular cases of “generalized self-similar functions,” we
showed in [5] that the tools of functional analysis can be applied to analyze
refinement equations in the general higher-dimensional and multi-function
setting. We derived conditions for the existence of continuous or L? solu-
tions to the refinement equation in this general setting, and showed how
these conditions can be combined with the analysis of the accuracy of scal-
ing functions from [4], [3] to construct new examples of nonseparable (non-
tensor product) two-dimensional multiwavelets using a quincunx dilation
matrix.

We will sketch some of the ideas and results from [5] in this paper, at-
tempting to provide some insights into the techniques without dwelling on
the mass of technical details that this generality necessitates. We emphasize
that this work is intimately tied and connected to the vast literature on
wavelets and refinement equations, and while we cannot trace those con-
nections here, a full discussion with extensive references is presented in [5].
In particular, the important and fundamental contributions of Daubechies,
Lagarias, Wang, Jia, Jiang, Shen, Plonka, Strela, and many others are dis-
cussed in [5].

2.2 Self-Similarity

The seed for this approach can be traced back to Bajraktarevic [1], who in
1957 studied solutions to equations of the form

u(z) = O(z, (wogi)(x), ..., (wogm)(z)) (2.2.1)

where g;: X — X and O: X x E™ — FE, and the solution u: X — F lies in
some function space F. Bajraktarevic proved that, under mild conditions
on O and the g;, there is a unique solution to (2.2.1). (See also [9].) A
generalized version of this equation of the form

u(x) = Oz, v1(z, (wo g1)(x)), ..., pm(x, (Wwo gn)(x))), (2.2.2)

where ¢;: X XE — E, was studied in [6]. We will state one uniqueness result
below, and then in later sections demonstrate the fundamental connection
between (2.2.2) and wavelets. If there exists a set B that is self-similar with
respect to the functions g;, i.e., if B = |J, gi_l(B), then we refer to the
solution u of (2.2.2) as a generalized self-similar function. This is because
at a given point z € B, the value of u(z) is obtained by combining the
values of u(g;(z)) through the action of the operator O, with each g;(z)
lying in B.

In order to state the uniqueness result, we require the following notation.
Let X be a closed subset of R, and let || - || be any fixed norm on C". Then
we define L>°(X,C") to be the Banach space of all mappings u: X — C”
such that

[afl Lo = sup [lg(x)]| < oo
zeX

This definition is independent of the choice of norm on C” in the sense that
each choice of norm for C” yields an equivalent norm for L>°(X,C"). If E
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is a nonempty closed subset of C", then L>°(X, E) will denote the closed
subset of L>°(X,C") consisting of functions which take values in E. We
say that a function u: X — F is stable if u(B) is a bounded subset of E
whenever B is a bounded subset of X.

The following result is a special case of more general results proved in
[6]. In particular, we will consider here only uniform versions of this result;
it is possible to formulate LP and other versions as well.

Theorem 2.2.1. Let X be a compact subset of R™, and let E be a closed
subset of C". Let || - || be any norm on C". Let m > 1, and assume that functions
w;, i, and O are chosen with the following properties.

e Foreachi=1,...,m, let w;: X — X be continuously differentiable, injec-
tive maps.

e Let p;: X X E— FE fori=1,...,m satisfy the Lipschitz-like condition

max i (@, u) = iz, 0)|| < Cllu vl (2:2.3)

e Let O: X x E™ — E be non-expansive for each x € X, i.e.,

1O0(z,u1, ..., um) — O(z,v1,...,vm)|| < max |lu; — vl (2.2.4)
1<i<m

Let to be an arbitrary point in E. For u € L*° (X, E), define
Tu(z) = Oz, p1(z,u(wy ' (2))), .., pm(z, ulwy' (),
where we interpret
a(w @) =t if w & wilX).

If O and the ¢; are stable, then T maps L (X, E) into itself, and satisfies
|70 = Tv]i= < Cllu—v]z=.

In particular, if C < 1, then T is contractive, and there exists a unique function
v* € L(X, E) such that Tv* = v*, and, moreover, v* is continuous. Further,
if C <1 and v\? is any function in L™ (X, E), then the iteration vOHD = y®
converges to v* in L (X, E).

2.3 Refinement Equations

The connection between Theorem 2.2.1 and wavelets is provided by the
now-classical concept of multiresolution analysis (MRA). To construct a
multiresolution analysis in R™, one begins with a refinement equation of
the form

f@)=> e f(Az—k), x€eR", (2.3.1)

keA
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where A is a subset of the lattice Z™ and A is a dilation matriz, i.e., A(Z™) C
Z"™ and every eigenvalue A of A satisfies |A\| > 1. We assume now that A,
A, and ¢, are fixed for the remainder of this paper.

A solution of the refinement equation is called a scaling function or a
refinable function. If f is scalar-valued then the coefficients ¢, are scalars,
while if one allows vector-valued (f:R™ — C") or matrix-valued (f:R"™ —
C™**) functions then the c;, are r x r matrices. We will consider the case
f:R™ — C" in this paper. We say that the number r is the multiplicity of
the scaling function f.

The fact that A can be any dilation matrix (instead of just a “uniform”
dilation such as 2I) means that the geometry of R™ must be carefully
considered with respect to the action of A. Note that since A(Z™) C Z",
the dilation matrix A necessarily has integer determinant. We define

m = | det(A)|.

By [13], to each scaling function that generates a MRA there will be asso-
ciated (m — 1) “mother wavelets,” so it is desirable for some applications
to consider “small” m.

The refinement operator associated with the refinement equation is the
mapping S acting on vector functions u: R™ — C” defined by

Su(z) = Z cpu(Az — k), x € R"™. (2.3.2)
keEA

A scaling function is thus a fixed point of S.

We will focus on compactly supported solutions of the refinement equa-
tion, and therefore will require that the subset A be finite. Let us consider
the support of a solution to the refinement equation in this case. For each
ke Z", let wi:R™ — R™ denote the contractive map

wy(z) = A~z + k). (2.3.3)

Now let H(R"™) denote the set of all nonempty, compact subsets of R"
equipped with the Hausdorff metric. Then it can be shown that the map-
ping w on H(R™) defined by

w(B) = U wp(B) = A"Y(B+A)
keA

is a contractive mapping of H(R™) into itself [11]. Hence there is a unique
compact set K such that

Kpn = w(Kyp) = kUA AN Ky + k).

In the terminology of Iterated Function Systems, the set K is the attractor
of the IFS generated by the collection {wy } ek - It can be shown that if f is
a compactly supported solution of the refinement equation, then necessarily
supp(f) C K [5].
Let
D={dy,...,dn}
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be a full set of digits with respect to A and Z", i.e., a complete set of
representatives of the order-m group Z"/A(Z"). Because D is a full set of
digits, the lattice Z" is partitioned into the m disjoint cosets

Tu=A(Z"Y—d={Ak—d:keZ"}, deD.

Let @ be the attractor of the of the IFS generated by {wq}dep, i-e., Q is
the unique nonempty compact set satisfying

Q=Kp= U A YQ +4d).

deD

We will say that @Q is a tile if its Z™ translates cover R™ with overlaps
of measure 0. In that case, the Lebesgue measure of @ is 1 [2], and the
characteristic function of @) generates a MRA in R™ [10]. This MRA is
the n-dimensional analogue of the Haar MRA in R, because if we consider
dilation by 2 in R with digit set D = {0,1}, and set

1 1 1
wo(x) = 2% and wy(x) = 2% + 2

then the set [0, 1] satisfies

[0, 1] = wo ([0, 1]) U w1 ([0,1])
and therefore is the attractor for the IFS {wo, w1 }. Note that [0, 1] is a tile,
and that the Lebesgue measure of [0, 1] is 1.

Example 2.3.1. Tiles may have a fractal boundaries. For example, if we

1 -1

1 1

and digit set D = {(0,0), (1,0)}, then the tile Q is the celebrated “twin dragon”
fractal shown on the left in Figure 2.1. On the other hand, if

1 1
1 -1

and D = {(0,0), (1,0)}, then the tile @ is the parallelogram with vertices -
{(0,0), (1,0), (2,1), (1,1)} pictured on the right in Figure 2.1. For these two
matrices A1 and As, the sublattices A1(Z?) and A2(Z?) coincide. This sublattice
is called the quincunz sublattice of Z2. As a consequence, these two matrices Ay,

consider the dilation matrix

A=

Ao are often referred to as quincunx dilation matrices.

It is not always the case that, given an arbitrary dilation matrix A, there
exists a set of digits such that the associated attractor of {wq}4ep is a tile
[14], [12]. We will not address this question here, and will only consider
dilation matrices for which a tile @ exists, and we assume that the digit
set D has been chosen in such a way that @ is a tile. Without loss of
generality, we can assume that 0 € D, and therefore the tile @ will contain
the origin [5].
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0.5 1 1.5

FIGURE 2.1. Twin Dragon and Parallelogram Attractors

Let us now return to setting up the notation required to connect the
refinement equation (2.3.1) to Theorem 2.2.1.

Since supp(f) C K, which is compact, and since @ is a tile and therefore
covers R™ by translates, there exists a finite subset 2 C Z"™ such that

KaCcQ+0= U Q+w)={q+w:qeQ,weN}
weN

Consider now any function g: R™ — C” such that supp(g) C Kx. Define
the folding of g to be the function ®g:Q — (C")® given by

Pg(z) = [g(x + KF)kea, 2 €Q.

If for k € Q we write (®g)r(x) = g(x + k) for the kth component of ®g(z),
then this folding has the property that (®g)g, (1) = (®g), (r2) whenever
x1, T2 € Q and ky, ko € Q are such that x1 + k1 = 2 + ko (it can be shown
that such points z1, o would necessarily have to lie on the boundary of @
[5))-

Here (and whenever we deal with vectors indexed by general sets) we
consider that € has been ordered in some way; the choice of ordering is not
important as long as the same ordering is used throughout. We use square
brackets, e.g., [ug]keq, to denote column vectors, and round brackets, e.g.,
(uk)keq, to denote row vectors.

Since @ is the attractor of the IFS {wq}4ep, it satisfies

Q= U A7(Q+d)
deD
Moreover, since @Q is a tile, if d; # dy then A=1(Q +d1) N A™1(Q + d2) has
measure zero, and in fact it can be shown that these sets can intersect only
along their boundaries. We will require subsets Q4 of A~1(Q + d) whose
union is () but which have disjoint intersections, i.e., such that

U Qi=Q and Qg NQqg, =0 if dy # do.

deD
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A precise method for creating these sets Q4 is given in [5].
For each d € D, define a matrix Ty by

T = [caj—k+dljken-

Note that Ty consists of an 2 x € collection of r x r blocks, i.e., Ty €
(Cr>xm)2xQ - Assume that E is a subset (but not necessarily a subspace) of
(C™)% that is invariant under each matrix Ty (we will specify E precisely
later). Then for each d € D we can define p4:@Q x E — E by

pa(w,e) = Tye, (2.3.4)

and define O:Q x EP — E by

O(x,{eq}tdaep) = Z Xq.(x) - eq. (2.3.5)

deD

That is, O(x,{eq}aep) = eq if € Qq. It is easy to see that this operator
O is stable and satisfies the non-expansivity condition (2.2.4). Now define
an operator 7" acting on vector functions u: ) — E by

Tu(z) = O(x, {pa(z, u(wy " (z)))}aep)

=" Xq, (@) - Tyu(Az — d). (2.3.6)
deD

Or, equivalently, T' can be defined by
Tu(z) = Tyu(Az — d) if z € Qq.

This operator T is connected to the refinement operator S defined by (2.3.2)
as follows [5].

Proposition 2.3.1. Let Q C Z" be such that Kn C Q + Q. If g:R" — C”
satisfies supp(g) C Ka, then

dSg=Tdg a.e. (2.3.7)

If the function g satisfies supp(g) C K and additionally vanishes on
the boundary of Ky, then the equality in (2.3.7) holds everywhere and not
merely almost everywhere. This is the case, for example, if g is continuous
and supported in K.

In light of Proposition 2.3.1, in order to solve the refinement equation
(2.3.1), we need to find a solution to the equation

u="Tu,

and this is precisely the type of generalized self-similarity that is defined
in (2.2.2).
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To do this, we apply Theorem 2.2.1. The operator O is non-expansive,
the wy are affine maps, and the functions ¢, are linear. Hence, if there
exists a constant C' with 0 < C' < 1 and a norm || - || on (C")* such that

Vde D, VzeQ, VecE, |valz,e)l <C|el,

then T will have a unique fixed point. Considering the definition of ¢4, this
means that there must exist a norm in (C") such that

vdeD, VeeB, |Tuell <Cllell.

In other words, there must exist a norm under which all the matrices Ty
are simultaneously contractive on some set. This leads naturally to the
definition of the joint spectral radius of a set of matrices. Here we will
focus only on the uniform joint spectral radius; it is possible to consider
various generalizations as well. The uniform joint spectral radius was first
introduced in [15] and was rediscovered and applied to refinement equations
by Daubechies and Lagarias in [8].
If M = {M,...,M,} is a finite collection of s x s matrices, then the
uniform joint spectral radius of M is
p(M) = lim max ||II||*/*, (2.3.8)

L—oo IIePy

where
Po={I} and Po={M,, ---Mj,:1<j; <m}.

It is easy to see that the limit in (2.3.8) exists and is independent of the
choice of norm || - || on C***.

Note that if there is a norm such that max; || M| < J, then p(M) < §6.
Rota and Strang [15] proved the following converse result.

Proposition 2.3.2.  Assume that M = {M,..., My} is a finite collection
of s X s matrices. If p(M) < 8, then there exists a vector norm || - || on C° such
that max; | M;|| < 4.

Consequently, a given set of matrices is simultaneously contractive (i.e.,
there exists a norm such that max; || M;|| < 1) if and only if the uniform
joint spectral radius of M satisfies p(M) < 1.

We can now state the main theorem relating generalized self-similarity
to the existence of a continuous solution to the refinement equation.

Theorem 2.3.1. Let Q C Z" be a finite set such that Ky C Q + Q. Let E be
a nonempty closed subset of (C")% such that Ty(E) C E for each d € D. Let V
be a subspace of ((CT)Q which contains B — E and which is right-invariant under
each Ty. Define

F={geL*R",C") : supp(g) C Ko and ®g(Q) C E}. (2.3.9)

If F # 0 and p({Tulv }aep) < 1, then there exists a function f € F which is a
solution to the refinement equation (2.3.1), and the cascade algorithm f(”l) =
S converges uniformly to f for each starting function f© € F. Furthermore,
if there exists any continuous function f© € F, then f is continuous.
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Proof: We will apply Theorem 2.2.1 with X = @Q and with F the specified
subset of ((CT)Q. We let wq, w4, O, and T be as defined above, specifically, by
equations (2.3.3), (2.3.4), (2.3.5), and (2.3.6).

We will show that the hypotheses of Theorem 2.1 are satisfied. First, wq(z) =
A~ (x +d) is clearly injective and continuously differentiable.

Second, let § be any number such that

p({Talv}aep) <6 < 1.

Then by Proposition 2.3.2 applied to the matrices Ty4|v, there exists a vector
norm || - ||y on V such that

max ||[Tqw|v <6 |lwlv, alweV.
deD

Let || - || denote any extension of this norm to all of (C"). Recall that pgq(z,e) =
Tqe. Since E — E C V, we therefore have for each x € Q and u, v € E that

max [|ga(z, u) — pa(z,v)|| = max |[Ta(u — )| < § flu — o]
Therefore the functions ¢4 satisfy the condition (2.2.3) with constant C' = 4. It
is easy to check that each ¢q4 is stable.

Finally, O is non-expansive. Thus, the hypotheses of Theorem 2.2.1 are satis-
fied. Since C' < 1, Theorem 2.2.1 implies that 7" maps L*°(Q, E) into itself, and
satisfies

[Tu—-Tv| <Clu-v]|.

It follows that T is contractive on L*°(Q, F) and there exists a unique func-
tion v* € L*(Q, E) such that Tv* = v*. Further, the iteration vt = 7y(®
converges in L>=(Q, E) to v* for each function v(¥ € L=(Q, E).

We want to relate now the fixed point v* for T to a solution to the refinement
equation. First, it can be shown that the space F is invariant under the refinement
operator S. Hence, by Proposition 2.3.1, the following diagram commutes, with
T in particular being a contraction:

F —2 . L~(Q,E)

s| |

F —— L¥(Q,E).

Now suppose that f(© is any function in F, and define f(”l) = Sf(i). Then
@ e F for each 4, and if we set vV = ®F? then

vt — (I)f(i+1) _ (I)Sf(i) _ T(I)f(i) _ Tv(i),

so v(¥ must converge uniformly to v*. By choosing an appropriate choice of
norm on F (see [5]), it follows that f*) converges uniformly to some function
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f € L*=(R",C"). We must have f € F since F is a closed subset of L*°(R",C").
Further,
Of=v'=Tv ' =TPf =dSf ae.

Therefore f satisfies the refinement equation (2.3.1) almost everywhere. Since
v* is unique, the cascade algorithm must converge to this particular f for any
starting function f(® e F. It only remains observe that if any f© € F is
continuous, then the iterates f () obtained from f ) are continuous and converge
uniformly to f, so f must itself be continuous. O

i From the proof of the above theorem, it is clear that the rate of conver-
gence of the cascade algorithm is geometric and can be specified explicitly
if desired.

The preceding theorem immediately suggests two questions:

e Does there always exist a space F which is invariant for all T;?
e Does F always contain a continuous function?

The answer to both of these questions is yes, under some mild additional
hypotheses.

To answer the question of the existence of the space FE, let us recall
the one-dimensional, single-function case. In this setting, if we impose the
standard “minimal accuracy condition”

D e = cap1=1, (2.3.10)

kEZ kEZ

then E is the hyperplane through (1,0, ...,0) that is orthogonal to the row
vector (1,1,...,1). This vector is a common left eigenvector to all of the
matrices Ty [8]. The minimal accuracy condition is so-called because it is
directly related to the accuracy of the solution f. In n-dimensions with
multiplicity r, i.e., with f: R® — C", the accuracy of f is defined to be the
largest integer £ > 0 such that every polynomial ¢(z) = ¢(x1,...,2,) with
deg(q) < &k can be written

q(z) = Z arf(z+ k) = Z Zak7ifi(ac+k) a.e., x &R",

kezn kezZm™ i=1

for some row vectors ay = (ak,1,...,ax,) € C'*7. If no polynomials are
reproducible from translates of f then we set k = 0. We say that f has
at least minimal accuracy if the constant polynomial is reproducible from
translates of f, i.e., if k > 1. We say that translates of f along Z™ are
linearly independent if 3, ;. arf(z + k) = 0 implies aj, = 0 for each k.
In one dimension, under the hypotheses of linear independence of trans-
lates, the minimal accuracy condition (2.3.10) implies that f has at least
minimal accuracy. In the general setting of n dimensions and multiplicity
r, the minimal accuracy condition is more complicated to formulate than
(2.3.10). However, this condition is still the appropriate tool to construct
an appropriate set £. We present here a weak form of the minimal accuracy
condition, and refer to [4] for a general result.
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Theorem 2.3.2. Let f:R™ — C" be an integrable, compactly supported so-
lution of the refinement equation (2.3.1), such that translates of f along Z" are
linearly independent. Then the following statements are equivalent.

a) f has accuracy k > 1.

b) There exists a row vector ug € C*" such that uo f(0) # 0 and

ug = Z ug ¢, for each d € D.
kETy

In the case that either statement holds, we have

Zuw‘(m—&—k) =1 a.e.

kel

Assume now that the minimal accuracy condition given in Theorem 2.3.2
is satisfied, and let ug be the row vector such that » 7, ;. uof(z+k) = 1 a.e.
It can be shown that the inclusions supp(f) C Kx C Q + Q imply that if
r € @, then the only nonzero terms in the series ), ,n uof(z + k) =1
occur when k € Q. Hence, if we set eg = (ug)req, i-e., ep is the row vector
obtained by repeating the block ug once for each k € €, then

eo®@f(x) = Zuof(:erk) = Z upf(z+k)=1ae., forzeqQ.

ke kezn

Thus the values of @ f(z) are constrained to lie in a particular hyperplane
Ep in (€)%, namely, the collection of column vectors v = [vg]req such
that egv = Zkeﬂ uovr = 1. This hyperplane FEy is a canonical choice
for the set E appearing in the hypotheses of Theorem 2.3.1. In order to
invoke Theorem 2.3.1, the starting functions f(?) for the cascade algorithm
should therefore also have the property that ®f (O)(x) always lies in this
hyperplane Ey. Note that with this definition of Ej, the set of differences
Vo = Ey — Ey is the subspace consisting of vectors v = [vg|gen such that
eqv = Zk cq ovr = 0. Hence the minimal accuracy condition immediately
provides an appropriate choice for the space E, namely, we take ' = FEj.

Now, having defined F = Ej, we are ready to address the second ques-
tion, whether the set F defined by (2.3.9) always contains a continuous
function. First we rewrite F as

F= {g € L*(R"™,C") : supp(g) C Kpn and Z uog(x + k) = 1},
kezr

and note that this set is determined by two quantities: the set A and the
row vector ug. The set A is the support of the set of coefficients ¢ in
the refinement equation and is determined only by the location of the cg
and not their values. The vector ug, on the other hand, is determined by
the values of the ¢ as well as their locations. However, it can be shown
that, in fact, the question of whether F contains a continuous function
is determined solely by A and not by ug. Thus only the location of the
coefficients ¢y is important for this question, and not their actual values.
This is made precise in the following result [5].
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Lemma 2.3.1. Let A C Z™ be finite, and let up be a nonzero row vector in
C'™™". Then the following statements are equivalent.

a) F£0.
b) F contains a continuous function.

c) KR +7Z" =R", i.e., lattice translates of the interior K3 of Ka cover R™.

Thus, in designing a multiwavelet system, after choosing the dilation
matrix A and digit set D, the next step is to choose a set A which fulfills
the requirements of Lemma 2.3.1. Small A are preferable, since the larger
A is, the larger the matrices Ty will be, and the more computationally
difficult the computation of the joint spectral radius becomes. While we
expect that some “small” A may fail the requirement K§ + Z"™ = R", it is
not true that all “large” A will necessarily satisfy this requirement (see [5]
for an example).

In summary, once we impose the minimal accuracy condition and choose
an appropriate set A, in order to check for the existence of a continu-
ous scaling function we must evaluate the uniform joint spectral radius
p({Talv, }dep). Unfortunately, this might involve the computation of prod-
ucts of large matrices. It can be shown that if the coefficients ¢j satisfy
the conditions for higher-order accuracy, then Vj is only the largest of a
decreasing chain of common invariant subspaces

Vo O V1D DVi

of the matrices Ty, and that, as a consequence, the value of p({T4|v, }deD)
is determined by the value of 5({Ty|v._, }aep) [5]- This reduction in dimen-
sion can ease the computational burden of approximating the joint spectral
radius. Moreover, these invariant spaces V; are directly determined from
the coefficients c; via the accuracy conditions, which are a system of linear
equations. Hence it is a simple matter to compute the matrices Tyly, _,.
Additionally, the fact that accuracy implies such specific structure in the
matrices Ty suggests that this structure could potentially be used to de-
velop theoretical design criteria for multiwavelet systems.

A final question concerns the converse of Theorem 2.3.1, namely, what
can we say if after choosing coefficients ¢, that satisfy the minimal accu-
racy condition, the joint spectral radius of p({Ty|v, }aep) exceeds 17 The
following theorem answers this question, and is somewhat surprising be-
cause it essentially says that if a given operator has a fixed point, then
that operator must necessarily be contractive. This theorem is proved in
this generality in [5], but is inspired by a one-dimensional theorem of Wang
[17].

Theorem 2.3.3. Let f be a continuous, compactly supported solution to the
refinement equation (2.3.1) such that f has L*-stable translates (defined below).
Assume that there exists a row vector uo € C**" such that

uo f(0) #0 and up = Z uo ¢ for d € D.

keTy

IfQ CZ" is any set such that
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KraCQ+Q and  ATYQ+A-D)NZ" CQ,

then
p({Tulvp }aep) < 1.

Here, we say that a vector function g € L (R™,C") has L*°-stable trans-
lates if there exist constants C7, Cy > 0 such that

Zakg(erk)

kel

Cy sup max |ag;| < < Cy sup max |ay, |
er ¢ er @

Lo

for all sequences of row vectors ay, = (ak,1,- - -, Gk,r) with only finitely many
G}, NONZEro.

2.4  Existence of MRAs

In this section we turn to the problem of using the existence of a solution
to the refinement equation to construct orthonormal multiwavelet bases
for L2(R™). As in the classical one-dimensional, single-function theory, the
key point is that a vector scaling function which has orthonormal lattice
translates determines a multiresolution analysis for R™. The multiresolution
analysis then, in turn, determines a wavelet basis for L?(R").

The main novelty here, more than allowing more than one scaling func-
tion or working in arbitrary dimensions, is the result of having an arbitrary
dilation matrix. The viewpoint of self-similarity and iterated function sys-
tems still leads naturally to the correct decompositions [5].

Definition 2.4.1. A multiresolution analysis (MRA) of multiplicity 7 as-
sociated with a dilation matriz A is a sequence of closed subspaces {V;}jcz of
L2(R™) which satisfy:

P1. V; C V1 for each j €Z,
P2. g(z) € V; < g(Ax) € V41 for each j € Z,

P3. N V; ={0},
JEZ

P4. U V; is dense in L*(R™), and
JEZ

P5. there exist functions 1, ..., or € L*(R™) such that the collection of lattice
translates

{pi(x — k) }rezn, i=1,...r

forms an orthonormal basis for V.

If these conditions are satisfied, then the vector function ¢ = (<p1,...,<pr)T is
referred to as a vector scaling function for the MRA.

The usual technique for constructing a multiresolution analysis is to start
from a vector function ¢ = (p1,...,¢,)T such that {;(z —k)}rezn, i1,
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is an orthonormal system in L?(R"), and then to construct the subspaces
V,; C L*(R") as follows. First, let Vg be the closed linear span of the
translates of the component functions ¢;, i.e.,

Vo = span{goi(ac — k)}’keZ”,i:l,...,'r‘- (241)

Then, for each j € Z, define V; to be the set of all dilations of functions in
Vo by A7, i.e.,

V; = {g(Az): g € Vo}. (2.4.2)
If {V,}jez defined in this way forms a multiresolution analysis for L*(R")
then we say that it is the MRA generated by .

Example 2.4.1. In one dimension, the box function ¢ = X[o,1) generates a
multiresolution analysis for L?(R). This MRA is usually referred to as the Haar
multiresolution analysis, because the wavelet basis it determines is the classical
Haar system {2"/21/1(2"17 — k) }n,kez, where ¥ = X[o,1/2) — X[1/2,1)-

Grochenig and Madych [10] proved that there is a Haar-like multiresolu-
tion analysis associated to each choice of dilation matrix A and digit set D
for which the attractor Q = Kp is a tile. In particular, they proved that if
Q is a tile then the scalar-valued function Xg generates a multiresolution
analysis of L?(R") of multiplicity 1. By extension of the one-dimensional
terminology, this MRA is called the Haar MRA associated with A and D.
Note that the fact that {X¢g(z — k) }rer forms an orthonormal basis for Vg
is a restatement of the assumption that the lattice translates of the tile Q
have overlaps of measure zero. Further, Xg is refinable because @ is self-
similar and because the lattice translates of () have overlaps of measure
zero.

We will characterize those ¢ which generate multiresolution analyses in
the following theorem. To motivate this result, note that property P2 is
achieved trivially when V; is defined by (2.4.2). Moreover, property P5
is simply a statement that lattice translates of ¢ are orthonormal. It can
be seen [5] that the fact that ¢ has orthonormal lattice translates implies
that property P3 is also automatically satisfied. Thus, the main problem in
determining whether ¢ generates a multiresolution analysis is the question
of when properties P1 and P4 are satisfied. One necessary requirement for
P1 is clear. If ¢ does generate a multiresolution analysis, then P1 implies
that p; € Vo C V; for i = 1,...,r. Since P2 and P5 together imply that
{m1/2 w;(Ax — k)}kezn, j=1,...r forms an orthonormal basis for Vi, each
function ¢; must therefore equal some (possibly infinite) linear combination
of the functions ¢;(Az — k). Consequently, the vector function ¢ must
satisfy a refinement equation of the form

p(z) = crp(Az—k) (2.4.3)
kezn
for some choice of r x r matrices ci. Since we only consider the case where
the functions ¢; have compact support and since ¢ has orthonormal lattice
translates, this implies that only finitely many of the matrices ¢ in (2.4.3)
can be nonzero. Hence, in this case the refinement equation in (2.4.3) has
the same form as the refinement equation (2.3.1).



2. Multiwavelets in R™ with an arbitrary dilation matrix 37

Theorem 2.4.1. Assume that ¢ = (¢1,...,0r)" € L*(R™,C") is compactly
supported and has orthonormal lattice translates, i.e.,

(piz = k), pj(z 1)) = /@i(ﬂ? —k)pj(x — ) dz = bi; Ok.e.

Let V; C L*(R™) for j € Z be defined by (2.4.1) and (2.4.2). Then the following
statements hold.

a) Properties P2, P3, and P5 are satisfied.

b) Property P1 is satisfied if and only if ¢ satisfies a refinement equation of
the form
o)=Y cxp(Az — k) (2.4.4)

keA

c) If

T T

for some r X r matrices ¢, and some finite set A C Z".
. 2
IRACIEDS

/ wi(x)dz
i=1 i=1

then Property P/ is satisfied. If ¢ is refinable, i.e., if (2.4.4) holds, then
Property P/ is satisfied if and only if (2.4.5) holds.

2
—1QI=1, (24.5)

Note that the assumption that ¢; is square-integrable and compactly
supported implies that ¢; € L (R™), so $;(0) = [ ¢;(z) dz is well-defined.

Theorem 2.4.1 generalizes a result of Cohen [7], which applied specifically
to the case of multiplicity 1 and dilation A = 2I. Cohen’s estimates used
a decomposition of R” into dyadic cubes, making essential use of the fact
that the uniform dilation A = 21 maps dyadic cubes into dyadic cubes.
However, this need not be true for an arbitrary dilation matrix A, so this
particular decomposition is no longer feasible. Instead, the proof in [5] uses
a decomposition based on the tile ) and the associated Haar multiresolu-
tion analysis discussed in Example 2.4.1. One of the key observations lies
in counting the number of lattice translates of @@ which lie in the interior of
a dilated tile A7Q, 7 > 1. The fact that Q is self-similar combined with the
fact that translates of @ tile R™ with overlaps with measure zero implies
that A7Q is a union of exactly m’ translates of @, with each such trans-
late lying entirely inside A7Q (but not necessarily in the interior of A7Q).
It can be shown that the ratio of the number of those translates Q + k
that intersect the boundary of A7Q to the total number lying inside A47Q
converges to zero.

We conclude by showing in Figure 2.2 a pair of wavelets associated to
a MRA obtained by numerically solving the “accuracy 2” conditions given
in [4] to obtain the coefficients ¢y for a scaling vector ¢:R?* — R? with
orthonormal lattice translates that is refinable with respect to a quincunx
dilation matrix (these numerical estimates were obtained by A. Ruedin,
see [16] for related results). Using the results outlined in this paper, one
can prove that these coefficients yield a continuous scaling vector which
generates a MRA whose “mother wavelets” are those pictured in Figure 2.2.



38 Carlos A. Cabrelli, Christopher Heil, Ursula M. Molter

TN
.'"",\'\\"o'
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