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ABSTRACT

A univariate compactly supported refinable function ¢ can always be factored into By * f, with
By the B-spline of order &k, f a compactly supported distribution, and &k the approximation orders
provided by the underlying shift-invariant space S(¢).

Factorizations of univariate refinable vectors ® were also studied and utilized in the literature.
One of the by-products of this article is a rigorous analysis of that factorization notion, including,
possibly, the first precise definition of that process.

The main goal of this article is the introduction of a special factorization algorithm of refinable
vectors that generalizes the scalar case as closely (and unexpectedly) as possible: the original vector
® is shown to be ‘almost’ in the form By * F, with F’ still compactly supported and refinable, and
k the approximation order of S(®): ‘almost’ in the sense that ® and By  F' differ at most in one
entry. The algorithm guarantees I’ to retain the possible favorable properties of ®, such as the
stability of the shifts of ® and/or the polynomiality of the mask symbol. At the same time, the
theory and the algorithm are derived under relatively mild conditions and, in particular, apply to
® whose shifts are not stable, as well as to refinable vectors which are not compactly supported.

The usefulness of this specific factorization for the study of the smoothness of FSI wavelets
(known also as ‘multiwavelets” and ‘multiple wavelets’) is explained.

The analysis invokes in an essential way the theory of finitely generated shift-invariant (FSI)
spaces, and, in particular, the tool of superfunction theory.
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1. Introduction

1.1. Factorization: general

Let @ be a finite subset of Ly := Ly (IR), which we also treat as a vector with n € IN entries.
Let S(®) be the smallest closed subspace of Ly that contains each E%¢, ¢ € &, a € 7. Here, K
is the shift operator

Ev: f= f(-+a).

The space S(®) is known as a finitely generated shift-invariant (FSI, for short) space. FSI
spaces are employed in several different areas of analysis, the most relevant ones to the present
paper are wavelets and uniform subdivisions.

For certain applications concerning FSI spaces (one of which is discussed in §5 of this paper),
it is useful to attempt factoring the vector ®. Here, a factorization means expressing ® in the
form

®=VF,

with F'a ‘simpler’ (in a suitable sense) vector, and V' a convolution operator, i.e., a matrix of order
® x I, whose entries are convolution operators.

In more than one variable there are no universal factorization techniques (and the reasons for
that are intrinsic), and this is the main reason the current paper is restricted to the more favorable
univariate case. In that case, general factorization techniques can be either based on the dependence
relations among the shifts of ® or on the approzimation properties of S(®). For example, assume
that ® = {¢} is a singleton compactly supported distribution, and that, for some integer k,

¢+ pi=Y pla)ET ¢ ell, Vpelly,
a€Z

where

I

is the space of all polynomials in one variable, and
Hy:={pell: degp < k}.

Then it is known, [R1], that ¢ can be written in the form B x f, with B the B-spline of order k,
and f some distribution of shorter support. We will actually prove and invoke a stronger variant
of that result in the current article.

A naive extension of the aforementioned result to the vector case is the following ansatz: ‘if
the shifts of the compactly supported ® span all polynomials of degree < k, then ® = B x IY, with
B as before, and F' another compactly supported vector’. While this ‘naive extension’ is invalid,
it is pleasing that a slightly modified version of it is true; however, the simple argument of [R1]
does not carry over, and one needs to resort to some of the most powerful techniques in FSI space
theory, techniques that nowadays are nicknamed superfunction theory.
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We are ready now to elaborate further on these matters. First (and in contrast with [R1]),
our sole interest here is in a vector ® which is refinable. By definition, this means that, for some
dilation operator D, of the form

(1.1) Dy: [ f(/s),

we have that

D,(S(®)) C S(@).

We will always assume that the dilation parameter s is an integer greater than 1. (The symbol
f(-/s) above should be understood as the function ¢ — f(t/s)). The refinability assumption on
S (@) is equivalent, [BDR2], to the existence of a matrix P whose rows and columns are indexed
by ®, and whose entries are measurable 27-periodic functions, for which

(1.2) d(s:) = PO, a.c.

The relation expressed in (1.2) is known as the refinement equation, and the matrix P is referred
to as the mask symbol (or, sometimes, as the ‘mask’ or the ‘symbol’).

Certain guidelines should be followed when considering the problem of factoring a refinable
¢. First, we require that each one of the convolution factors is refinable (note that B-splines are
refinable with respect to all integer dilation parameters s). Second, in many practical situations
the vector ® is not explicitly known and the actual input is the symbol P. Naturally, one then
needs to factor the symbol P, i.e., if the obtained factorization is, e.g., ® = B x I | then the
practical information we seek is the mask symbol of F. The entire factorization can then be
viewed as a factorization of P; we will explain in the sequel the simple connection between the
factorization at the function level and at the symbol level. Third, the functions ® and/or the
symbol P usually possess some ‘favorable’ properties. For example, the entries of P may be
trigonometric polynomials, the functions in ® may be compactly supported, their shifts may form
a Riesz basis for S(®), etc. It is then desired that the process retains those properties, e.g., that
the entries of the symbol Py of the factor F' will still be polynomials, if those of P were ones.

In view of the above, we formalize the notion of ‘factoring the mask symbol of a refinable
function’ as follows:

Definition 1.3. A kth order factorization process is a process that applies to a class of
‘admissible’ refinable vectors ®. The input of the process is the mask symbol P of ® and the
output is a matrix Q such that Q is the mask symbol of a vector F' (whose cardinality equals that

of ®) for which S(By, * F') = S(®), with By, the B-spline of order k.

Example: trivial factorization. The simplest factorization of order & is the k-fold differentiation,
i.e., F':= D*®. In that event, By « F = V*®, with V the kth-order backward difference, hence
(since S(VG) = S(G) for any finite function set G C Lo) it is a ‘factorization of order &’. However,
the relation Q = s*P clearly indicates that this factorization is practically useless. We will therefore
impose in the sequel an additional condition on the factorization process, which will exclude the
present trivial factorization. O

1.2. Superfunction theory and the factorization of [P]

The adjective ‘new’ in the title of this paper certainly indicates that factorization techniques of
refinable ®’s are already in the literature. Indeed, a method for factoring the symbol of a refinable
vector was introduced by the first named author in [P]. In this subsection, we will first survey some
aspects of superfunction theory, and recast the factorization of [P] in these terms.
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Superfunction theory is a notion intimately related to approzimation orders of FSI spaces
(the discussion here equally applies to multivariate functions; in fact, superfunction theory was
motivated, first and foremost, by multivariate approximation problems). One says that the FSI
space S(®) provides approximation order k if, given any ‘sufficiently smooth’ function g € Lo,
we have that (as h — 0)

dist(g, Da(S(®))) = O(h").

It was conjectured by Babugka (cf. [SF]) that if & is compactly supported (the FSI space is then
termed local), and if S(®) provides approximation order k, then there exists a finite linear combi-
nation 1 of ® and its shifts (necessarily, thus, of compact support), such that the small subspace
S(v) of S(®) already provides the same approximation order k. Babuska’s conjecture was proved
true in [BDR2], and 1 above (which, we emphasize, is not unique) was subsequently nicknamed ‘su-
perfunction’. The reference [BDR2] contains extensions of the aforementioned results to non-local
FSI spaces; nonetheless, all those results are too general for our context: their ultimate success
is their validity under extremely mild conditions, alas, the superfunctions, under those conditions,
lack certain properties which we need here.

We will use instead the more recent (and also more straightforward) superfunction results that
were established in [BDR4]. There, improved superfunction results were obtained under additional,
reasonably mild, conditions on the vector ®. The basic condition there was termed Strong H(k)
Condition, and a slightly stronger (unnamed) condition was used there in the applications to
refinable functions. We will recall these two conditions, and name the latter one. But, first, we
recall the notions of the bracket product and the Gramian from [BDR1,BDR2].

Definitions 1.4.
(a) Let f,g € Ly. Their bracket product [f,¢] is the 2rx-periodization of fg:

[frg):= D f+Dg(-+1).

le2rZ

Note that the bracket product lies in L; (Il'), where I denotes the torus.
(b) Let ® C Ly be finite. The Gramian G := Gg is the Hermitian ® x ® matrix whose (¢, ¢)-

entry, ¢, ¢ € ®, is the bracket product [(E, o).
Definition 1.5: The strong H(k) property. Let = be a finite subset of IR, and let k& be a

positive integer. We say that & satisfies the strong H(k) property at = if the following two
conditions hold: R
(I) For some neighborhood O of the origin, and for each £ € =, each ¢, ¢ € ¥, as well as each
entry of the Gramian Gg, is k times continuously differentiable on £ + O + 277/.

(I1) G(&) is invertible, for every £ € E.
The default set = is {0}, thus the strong H(k) property means ‘the strong H(k) property at

= = {0}

The unnamed condition in [BDR4] corresponds now to the strong H(k) property at
Esi={—=:j=0,...,8— 1},

and this is indeed the basic condition we will need in this paper. It is worth stressing that this
requirement is much weaker than more commonly used assumptions, such as the Lo-stability of the
shifts of ® (which is also known as ‘the Riesz basis property’) or the linear independence of those
shifts. We elaborate on that point in the next section.
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We want now to explain the factorization technique that was developed in [P]. For that, we
use the following univariate case of Theorem 4.2 of [BDR4]. The reader should immediately note
that this is ‘a superfunction result’. In this result, as elsewhere in this paper, the notation

D

stands for the differentiation operator.

Result 1.6. Assume that ® satisfies the strong H(k) property for some k, and that S(®) provides
approximation order k. Then there exist vectors y; := {y,(¢) : 6 € ®} € C*, 1 =0,...,k — 1, such
that yo # 0, and such that, if ¢ is a finite linear combination of ® and its shifts, i.e., if

QZ = Z T¢</b\7
peD

for some trigonometric polynomials 74, ¢ € ®, then S(1) provides approximation order j < k if
D1T¢(0):yl(¢)7 ¢€¢7 l:07"'7j_1'

The factorization method of [P] revisited. This method is inductive. Assume that ® satisfies
the strong H(1) property, and that S(®) provides approximation order £ > 1. Then, Result 1.6, a
superfunction 1, that provides approximation order 1 is available in the form

v = yo(9)e.

pED

Now, order ® in any way {¢1, ¢2, ..., ¢, } so that, for some 7, yo(¢;) # 0 if and only if [ < j. Then,

replace the vector ® = {¢y, ¢a,..., 0, } by a vector W = {1y, 1,...,1,}, as follows:

(a) 1y is the aforementioned superfunction.

(b) For il =1,...,5 =1, Y141 = ¥1 + yo(¢1) Vs, with V the backward difference operator V =
1-FE~L.

(c) For I > j, ¥y = Véy.

Obviously, S(¥) = S(®). Under a mild condition on ¢, (e.g., a mild decay condition at oo),
the fact that ¥, provides approximation order 1 implies that @y = By * f;, with By the B-spline
of order 1, and f; some function/distribution. Also, for every function g, Vg = By * Dg. All in
all, one concludes that there exists a vector I (consisting of either functions or distributions), such
that

U =B« F.

If F lies in Lo, one can show that it provides approximation order k — 1. If it still satisfies the H(1)
property, the process may be continued, and another factorization step can be applied.

The above description does not mention refinability. In contrast, the process in [P] assumes
refinability and is described there as an algorithm for factoring the mask symbol. Indeed, the above
vector [ is still refinable, and the highlight of the factorization of [P] is the (non-trivial) fact that,
if the original symbol P of & consists of trigonometric polynomials, so is the symbol of the new
F (cf. [P] for more details. The strong H(1) property does not suffice for the validity of the last
assertion: one needs for that to assume the strong H(1) property at =,. [P] makes an assumption
that is equivalent to Ly-stability.)

While the above details correspond exactly to the algorithm in [P] (with the only difference
being that we use here backward difference as opposed to the forward difference used in [P]),
it should be stressed that many other variants of that algorithm are possible. One should only
follow the rule that ¢; above, j > 1, lies in the span of {11, Vg1, Vs, Vs, ...}, with ¢y the

aforementioned superfunction. O



1.3. Our new factorization technique: why and what?

The method of this article is developed under assumptions weaker than those assumed in [P].
However, it will be erroneous to conclude that our aim is at a factorization method that applies to
a wider range of I'SI spaces. Had we wanted to, we could have rederived the method of [P] under
the conditions we assume here.

In order to explain our motivation, we first note that the factorization outlined in the previous
subsection ‘shuffles’ the vector ®. More precisely, in contrast with the unavailable ‘naive factor-
ization” ® = B x F' (where there is a natural correspondence between the elements of ® and F),
no simple relation exists (in the method of [P]) between the original entries of ® and those of the
factor F. For the application of certain emerging algorithms this is a disadvantage. Specifically,
in [RS] a new technique for estimating the smoothness of refinable functions was developed. The
technique there does not require the factorization of the mask symbol, but its numerical stability is
dramatically improved if a factorization is first done. On the other hand, the [RS] method allows
one to find separately the smoothness of each entry of F' (previous results, such as that of [CDP]
which incidentally is based on the [P] factorization, could find only the common smoothness of
all the functions in ®). However, as we had just explained, the existing factorization techniques
‘scramble’ the functions in ®, hence one cannot convert the componentwise smoothness estimates
on F to componentwise smoothness estimates on ®. This drawback is exactly the one that we over-
come with the new method: in this new method, there will be a simple correspondence between
the functions in the original ® and those in the final factor F.

Our method can start with a vector ® that may or may not be refinable. Assuming S(®) to
provide approximation order k, we attempt to replace one ¢ € ® by a superfunction 1 (whose
S(1) also provides the same approximation order), and to further replace each the remaining
¢ € ® by VF¢, where, as before, V is the backward difference. Regardless of the choice of 1, the
resulting vector ®¢ is factorable into the form ®q = By * F' (with By the B-spline of order k). The
factorization is adequate: for example, if ® are of compact support, so are F'. However, more care is
required upon assuming ® to be refinable. For example, if the symbol of @ is made of trigonometric
polynomials, F'is refinable, too, but its symbol, in general, will not be made of polynomials. This
is the reason that we rely on subtle superfunction results: the crux is to find a superfunction %
so that the polynomiality of the symbol is retained when replacing ¢g by 1. Theorem 4.12 and
Corollary 5.5 of [BDR4] establish the existence of such superfunction ¢, indicate which entry ¢q of
& can be replaced by 1, and compute the symbol of the new ®y. (As a matter of fact, the [BDRA4]
results we use were tailored by the [BDR4] authors to help us in developing the present method.)
We review those details in §2, and also prove in that section the extension of the [R1] result that
guarantees the factorization of the superfunction 1 into the form By x F.

In §3, we provide a unified approach to factorization which is based on superfunction theory
basics. In §4, we discuss the theoretical aspects of our factorization, and then use the results of §3 in
the derivation of an algorithm for the factorization process. In §5 we explain how the factorization
can help in determining the smoothness of refinable vectors via the processing of its mask.

2. Superfunctions, refinable functions, and other preliminaries

We discuss here three topics in preparation for the factorization algorithm. First, we quote
several superfunction results from [BDR4]; some are used in the next section in a general analysis of
factorization, while others are needed in order to ‘prepare’ the vector ® for our specific factorization.
We also present a theorem that allows us to factor the B-spline from the superfunction (and which
we already alluded to in the introduction). We finally discuss the notions of Lj-stability and
pre-stability, notions that appear in the statements of our main results.
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As we already mentioned in §1.2, given an F'Sl space S(®) that provides approximation order k,
one can find in S(®) many superfunctions. The study of [BDR4] focuses, initially, on a canonically
chosen superfunction g which, in the univariate case, has the form

(2.1) bo= Y 040,

pED

where o, is a polynomial in the span of {e=%*:j =0,1,...,k— 1}, and which satisfies Dj{b\o(l) =
810650 (1 € 2772, 0 < j < k —1). We label this particular superfunction the canonical super-
function (of order k). Theorem 4.2 of [BDRA4] proves that, under the strong H(k) property, there
exists a unique canonical superfunction. The trigonometric polynomial row vector

0:=(04)pca

of (2.1) will be referred to as the canonical ®-vector of order k. As we will see in the sequel,
the canonical vector provides key information in the implementation of factorization algorithms,
and therefore, it is important to be able to compute that vector. In [BDRA4], two different methods
are suggested to that end: one (cf. Corollary 4.9 there) does not assume refinability, and relies on
values of the derivatives of ® at 2r7. The other one (cf. Theorem 5.2 there) extracts the canonical
vector directly from the mask symbol P of the refinable ®, and reads, for a univariate setup, as
follows:

Result 2.2. Let ® C L be s-refinable with mask symbol P. Suppose that ® satisfies the strong
H(k) property at =, := 2TW{O7 1,...,8—1}. Then the following conditions are equivalent:
(a) S(®) provides approximation order k.
(b) There exists a trigonometric polynomial row vector ¢ = (04)sea, so that,
(i) 7(0)(0) = 1,
(ii) o(s-)P has a k-fold zero at each of Z,\0, and o(s-)P — o has a k-fold zero at the origin:

DI (a(s)P = 6¢00)u=e =0, €E€Z,, j=0,....k—1.

Moreover, o in (b) is the (unique) canonical ®-vector of order k, provided each o4 lies in the span
of (e‘”“)fgé. Finally, the implication (b) = (a) holds under a weaker assumption, viz., that ¢
satisfies the strong H(k) property at 0 only.

Proof: The fact that (a)==(b) follows from Theorem 5.2 of [BDRA4]: the theorem there
states that, if S(®) provides approximation order k& and if ® satisfies the strong H(k) property,
then (b) holds for some vector o. That vector o can be chosen as the canonical vector, and this
choice is indeed made in the proof in [BDR4] for Theorem 5.2.

The converse implication, (b)=(a), is also contained in the proof of Theorem 5.2 of [BDR4]:
the proof there shows that, assuming (b), the function 1y defined by QZO = o® is the canonical
superfunction of order k. O

However, for the specific factorization technique of §4, we need a further superfunction result.
That other superfunction result is Theorem 4.12 of [BDR4] that reads in the univariate case as
follows:

Result 2.3. Let k be a positive integer, and let ® be a vector of Lo-functions satisfying the strong
H(k) property. If S(®) provides approximation order k, then there exists ¢o € ¢ and for this ¢g a
unique function 1 that satisfies the following two properties:
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(a) 1 satisfies on the Fourier domain a relation of the form

QZ = QEO + Z T¢</b\7
PE(2\¢o)

with each T4 a trigonometric polynomial in the span of (e‘ij“)fgé.
(b) 1 satisfies the Strang-Fix conditions of order k:

$0)£0, DIply=0 (j=0,...,,k—1,1€2x7Z\{0}).

Moreover, S (1) provides approximation order k.

Corollary 5.5 of [BDR4] demonstrates the usefulness of this superfunction in the context of
refinable vectors. We quote below the univariate case of that corollary, and provide, for complete-
ness, its simple proof. More details concerning the above result are found in §4, where we discuss a
method for finding this special superfunction; more precisely, we will need to find the trigonometric
polynomials (7,) above. The computation of 74 will be based on the canonical ®-vector ¢ of order
k in Result 2.2. For convenience, we set

q)l = @\Qbo,
and
(24) q)o = q)l U ¢7

with ¢¢ and 1) as in Result 2.3.

Result 2.5. Assume that the assumptions, hence the conclusions, of Result 2.3 hold. Assume
further that the vector ® is refinable with mask symbol P. Then, in the notations of Result 2.3,
& (defined in (2.4)) is also refinable with a symbol Pg of the form

PO = U1 (S) P U27

where the entries of Uy, U, are trigonometric polynomials. More precisely, if we order the functions
in ®¢ in any order of the form (1, ¢2, ¢s,...), then Uy = I+ R, Uy, =1 - R, with R a matrix
whose first row is

(0,7'(152,7'(;537 .. )
and all its other rows 0 (and with 7, the trigonometric polynomials of Result 2.3).

Proof: Let 1 be the superfunction of Result 2.3, its existence and uniqueness has been
shown in [BDR4], Theorem 4.12. It is evident that the connection between the vectors ® and @
is, on the Fourier domain, of the form R R

by =U, 9,

with U; having the structure stated in the result. Thus, the symbol Py of @ is
Py, = U, (s )PUTL

It is straightforward to check that U1_1 = U,, with U, as in statement of the result. O



We postpone the discussion concerning the computation of 1 as well as explicit constructions
of U17 U2 to §4

Almost all the observations that are required for the new factorization hold in several variables
(though they are stated and proved in one dimension). The only result that does not extend beyond
the univariate setup is the next theorem. As mentioned before, the compact support case of this
result (i.e., statement (a) here) can already be found in [R1].

Theorem 2.6. Let 1 € Ly(IR) and assume that, for some origin neighborhood O, QZ is k-times
continuously differentiable on O + 2x7/\0, and is bounded on O. If S() provides approximation
order k, and if Dklz grows slowly on O + 277Z\0, then there exists a tempered distribution n such
that 1» = By 1, with By the B-spline of order k. Moreover, 1 can be chosen in a way that:

(a) If supp v C [a,b], then suppn C [a,b— k.

(b) If DR (u) = O(|u|~?) for large |u|, and for some p > k + ¢, then n(u) = O(|u|~(P=*)).

(c) If D*4(u) = O(e=P1l), for some positive (3, then i decays at that same exponential rate.

Proof: First, since we assume that S(¢) provides approximation order k, and since we
further assume that QZ is bounded around the origin, then, 7 must have a k-fold zero at each
J € 277/\0 (see [BDR1]).

Let (1 be the support function of O + 2772, G5 := 1 — ;. We consider the expression (with
B .= Bk)

ﬁ _Giv 4 Gt

B B B’
We will show that each of the two summands above is a tempered distribution, and this will prove
the existence of the required tempered distribution 1 (we will then use other techniques to prove

the decay assertions).
ik
~ 1 —e™™
Bu)=——] .
=)

Firstly, recall that
Since 1/(1 — e~™) is bounded on supp G5, we then conclude that GQ/B grows only slowly at oo,

hence the function Gﬂb/B is a tempered distribution.
Secondly, let j € 2rZZ\0. We then write

/B = 0 ()

(u—=7) —e

Note that || (16—_,“) . (i+0) = Hl/EHLm(j-I-O) < const. Thus, since ¢ is assumed to be smooth
at each region of the form j 4 O, j € 2x7Z\0 and has a k-fold zero at j, it follows that

|G ¥/ Bll1..j+0) = 10/ Bl (j+0) < const|| D Y| 1, (j+0)lil"-

Since we assume Dklz to grow slowly on O 4 2x7Z\0, we conclude from the above that GﬂZ/E
grows slowly, as well. This concludes the proof of the existence of n satisfying v» = B * 1.

Now, we prove (a-c), and use for that a different argument (which applies uniformly well to
all three cases, and which is an adaptation of the argument in [R1]). Firstly, note that the Fourier
transform of D¥1 has a k-fold zero at each j € 2772\0, and also has a similar zero at the origin.
Using any of the decay conditions (a-c), a standard application of Poisson’s summation formula
then yields that

(D) «'p=0, VpeTl,_,.
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We choose p to be the polynomial of degree & — 1 that makes the following identity valid

(2.7) = Zp(a)Ea(Dk¢) = Z Z otk (Dkzb)

a;=1 ap=1

(i.e., VF7Ip = (=1)*=1). The decay assumption on D¥i grants us that the sum that defines 5
converges absolutely (distributionally). That same decay assumption can be easily used to show
that, as t — oo, 1(t) decays as it is required to. However, since (D*t) +'p = 0 (and since p vanishes
at {1,...,k— 1}), we have the alternative expression for n

0

n= > pla)E*(D*y),

A=—00

which can be used to show that n also decays suitably at —oo. Finally, the right-most expression
for 1 in (2.7) implies that V¥ = D*1. Now, set g := B * 5. Since B is a compactly supported
function, g decays at oo at least at the same rate as i does. Further, D¥g = V*5, which means
that D*(g — v) = 0, hence that g — ¢ is a polynomial. That polynomial is 0, since both g and
vanish at oo. O

We now turn our attention to the third topic of this section: stability and pre-stability. We
recall that a subset G C LQ(Rd) is called Ls-stable if there exist two positive constants ¢, C', such
that, for any finitely supported sequence u defined on G,

cllullexe < 1) w9)glle. < Cllullee)-
geG

We are interested in the Ly-stability of the set E/(®) of the integer shifts of ®. That stability
property was characterized in [BDR2] as follows:

Result 2.8. Let & C Ly be finite with Gramian G. For each w € IR, let A(w) (respectively, A(w))
be the largest (respectively, smallest) eigenvalue of G(w). Then the shifts F(®) of & are stable if
and only if the functions A and 1/X are essentially bounded on [—7, 7].

The above result is somewhat inconvenient for our purposes, since it does not allow a simple
extension of the stability property from Ls-functions to distributions. Therefore we will use instead
the following related notion, labeled ‘pre-stability’.

Definition 2.9. Let ® be a finite collection of tempered distributions and assume that d are
continuous. We say that the shifts £'(®) of ® are pre-stable if, for each 6 € IR, the restriction of

d to O+ 2777 is linearly independent. O
The following result draws a connection between the notions of stability and pre-stability:

Proposition 2.10. Let ® C L, be finite, and assume that for each ¢ € ¢ (i) (E is continuous, and

(ii) [(E, 5] is finite everywhere. Let A be the eigenvalue function of Result 2.8. If E(®) are pre-stable,
then 1/A € Lo (IR).

Proof of Proposition 2.10. We let G,,, m € IN, be the matrix obtained from the Gramian G
of ® by replacing each bracket product [, ¢] with

m

> B+ 2m))d(- + 2mj).

j=—m



Fix w € [—7, 7], and let A, (w) be the smallest eigenvalue of G, (w). Since the entries of G(w) are
assumed finite, G, (w) converges to G(w), and hence

0 < An(w) T A(w).

(since G(w), G, (w) as well as (G — G;,) (w) are Hermitian and non-negative). Furthermore, since
the entries of G, are continuous, so is the function A, hence its zero set Q,, C [—7, 7] is compact.

Now, the assumption of pre-stability is equivalent to A having no zeros. This means that
N8 = 0, hence that Q,, = 0, for a large enough m. But this implies that the continuous
function A,, vanishes nowhere, hence that 1/X,, is bounded; a fortiori 1/X is bounded. O

Thus, if we know that ® are in Lo, that their Fourier transform is continuous, and that their
Gramian matrix has bounded entries, pre-stability implies stability. The boundedness of the Gram
entries is a ‘minor’ assumption, in the sense that it is usually implied by technical conditions on
¢ (either a mild decay condition on @, or, in the case P is continuous, by a mild smoothness
assumption on ®). Moreover, the following result, which is essentially due to [JM], provides simple
conditions under which pre-stability and stability become equivalent notions for Ly-vectors ®. One
should keep in mind, however, that the main point in the pre-stability notion is its applicability to
functions and distributions outside L.

Corollary 2.11. Let ® C L, be finite, and assume that the entries of the Gramian G of ® are
continuous (i.e., equal a.e. to continuous functions). Then the shifts of F/(®) are stable if and only
if they are pre-stable.

We note that the product []?, 9] is the Fourier series of the sequence
73— (f E'g),

hence that the product is continuous if, e.g., f and g are both O(| - |~(*9)) at oo, for some € > 0.

Proof: Since G has continuous entries, its eigenvalue function A is continuous (and 27-
periodic). This implies that A is bounded, hence that stability is equivalent here to the boundedness
of 1/A. Since A is continuous, too, 1/X is bounded iff A vanishes nowhere. That latter condition is
equivalent to pre-stability. O

The discussion so far reveals that the stability of F(®) can be roughly thought of as the
invertibility of Gg everywhere. At the same time, the essential requirement in ‘the strong H(k)
property at Z’ is the invertibility of Gg at each £ € =. Thus, the H(k) property is a significant
relaxation of the stability requirement.

3. General facts about factorizations

Before we develop the new factorization technique that we aim at, we would like to clarify the
notion of a ‘factorization process’. We have already defined it in the introduction, but immediately
showed there that, as defined, the notion is broad enough to admit ‘factorizations’ that are useless
in nature. In this section, we provide further details about the nature of a ‘useful factorization’
and discuss the relations between those ‘useful factorizations’ on the one hand, and the matrices
involved in the factorization on the other hand. The general discussion here will be used in the
next section in the conversion of our new factorization technique from a mere existence theorem to
an actual algorithm.
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The following example is the prototype of what may be considered a ‘useful factorization’, and
is hidden in the core of all practical factorizations.

The simplest example of ‘good’ factorization. Assume that the vector ¢ contains a function
¢o whose SI space S(¢g) provides approximation order k. Then, under some mild conditions on
¢, Theorem 2.6 provides us with a factorization ¢9 = By * n, for some distribution 7. We then
define the factor I’ to be (17, D¥(®\¢g)). Note that By, x F = (¢, V¥(®\¢g)) =: ®;1. Since (cf. e.g.,
[BDR1]) S(®q) = S(®), we conclude that the above process is indeed a ‘factorization of order k’.

o

Remarks.

(1) One should note that there is only a subtle difference between the example here and the trivial
(and worthless) factorization (§1.1).

(2) The above example fully demonstrates the role played here by ‘superfunction theory’. The
function ¢q is clearly a superfunction. If the original vector ® does not contain a superfunction,
the factorization process starts with changing the vector ® to another vector, say ®;, which con-
tains a superfunction among its entries. If the symbol P of @ is known to be a polynomial matrix,
then the actual challenge here is to select ®; such that its symbol is a polynomial matrix, too. The
move then from the symbol of ®1 to the symbol of F is guaranteed to preserve the polynomiality of
the mask symbol.

Questions addressed in this section: A factorization was defined as ¢ — F, with S(®) =
S(By * F'). This yields the existence of a matrix C with 27-periodic measurable entries such that,
with P and Q the mask symbols of ® and F respectively,

(3.1) PC=5""C(s)Q, a.e.

(See assertion (a) in the theorem below.) We are then interested here in the following two questions:

(1) How exactly we distinguish between ‘useful’” and ‘useless’ factorizations?

(2) What are the characteristics of the transition matrices C that are involved in ‘useful’ factor-
izations?

Definition: good factorizations. A good factorization process of order £ is a factorization
process of order k ® — F (i.e., S(®) = S(Bj + I')) such that F is continuous at 0 and F(0) # 0.

The following theorem establishes the connection between good factorizations and their cor-
responding transition matrices. Connections are also drawn between those transition matrices and
the superfunctions in the F'SI space. A complementary theorem (Theorem 3.6) discusses the con-
verse problem, of choosing the transition matrix C in a way that, given a matrix Q, the ‘lifted’
matrix P (defined by PC = s7*C(s:)Q) is the symbol of a vector ® whose FSI space provides
approximation order k.

Theorem 3.2. Let ® — F be a factorization process of order k, and assume that & is bounded

around the origin and that F' is continuous at each j € 2x7/. Then:

(a) ® is refinable if and only if F' is refinable. Furthermore, the corresponding mask symbols P
and Q satisfy a relation

PC=s""C(s)Q
for some matrix C with 2w-periodic entries. In particular,

~ 1

d(u) = T C(u) F(u).

11



(b) If F' and ® are refinable with symbols P and Q, then the determinant of the matrix C in the
relation PC = s™% C(s:) Q must have a k-fold zero at the origin, provided that the factorization
is good, and that the entries of C_are smooth at the origin.

(c) Assume, in addition to (b), that & are linearly independent over 2x7. Let 1 be a function in

S(P): 1& = T(I> with 7 a row vector indexed by ® whose entries are bounded 27w-periodic, and
are smooth at the origin. If v is a superfunction (i.e., S(1) provides approximation order k)
then 7C has a k-fold zero at the origin.

Most of the technical conditions that are assumed in the above theorem are satisfied auto-
matically in practical situations. For example, the following corollary is a special case of Theorem
3.2

Corollary 3.3. Let ® — I’ be a good factorization process of order k. Assume that ® and F are
compactly supported refinable vectors with polynomial refinement symbols P and Q which satisfy
the relation PC = s~*C(s:)Q, for some trigonometric polynomial matrix C. Then:

(a) det C vanishes to order k at the origin.

(b) Assume ® are linearly independent over 2772, and let + = (T4)peca be a vector of trigonometric
polynomials. If the compactly supported function v defined by

o~

P = rd
is a superfunction, then TC vanishes at the origin to order k.

Proof of Theorem 3.2. (a) Since we assume that S(®) = S(By, « F'), there exist, [BDR2], an a.e.
invertible matrix U with 2x-periodic measurable entries such that

®=RB,UF.
If @ is refinable with mask symbol P, we conclude from

Bi(s)U(s) F(s) = ®(s) =Pd =B, PUF

——

that F is refinable with symbol Q = % U~!(s:) PU. Analogous computations prove that ® is
k(s-

refinable whenever F is refinable. Thus, (a) is established with C := (1 — e~")*U.

(b): From the relation (3.1) (which was established in (a)), and the fact that D*® is refinable
with symbol P’ := s*P, we conclude that P'C = C(s-)Q, hence that DF® = CF. Since F(0) #0,
we may assume that the first entry of ]3(0) is non-zero. Let F be the matrix obtained from the
identity matrix by replacing its first column by F. Then det F is continuous at the origin and
does not vanish there./gn the other hand, det C det F vanishes at the origin to order k since CF
contains the column D#® which vanishes to that order at the origin. Thus, det C has a k-fold zero
at the origin.

(¢): Since & = 7® is a superfunction, and since 7 is bounded while ® is bounded around the
origin, it follows (cf. [BDR1: Theorem 1.14]) that ¥ has a k-fold zero at each j € 277@\0 hence
that DW has such a zero everywhere on 277Z. On the other hand DW — rDkP = rCF, with
the second equality following from the proof of (b). But 7C is 27-periodic, and the vectors F(j)7

j € 2x7Z, span all of CF (due to the linear independence of F over 277Z), hence it easily follows
that 7C vanishes to order k£ at the origin. O
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Example: Orthogonal GHM-scaling functions [GHM]. Choose s = n = 2, and let & =
(é1, ¢2)T be the vector which has the mask symbol

6(1+ e™™) 8v2
J(—=1+10e™ — e=2%)  —3 4 10e™" — 372 |

1
20 (,%(He—“‘

and which is normalized by ||¢1]|z, = v/2/3. These conditions define ® uniquely, and we find
supp ¢1 = [0, 1], supp ¢2 = [0, 2]. The space S(®) provides approximation order 2. In particular,
one can show, [SS], that

(3.4) P(u) =

By(z) = (f1(2) + d1(z = 1)) + ¢2(2),

1
V2
where By is the hat function with support [0,2]. Choosing F' = (D?¢y, §)7, where § denotes the
Dirac distribution, it follows that ® — F' is a good factorization process (of order 2), since from

(15T = (B 1)

it follows that S (B, * F) = S(®), while F(0) = (0, 1)7 # 0. Further, ®(u) = (iu)~2 C(u)F(u) with

1 0
C = —iu —iu .
(U) (—\/Li(l—l-e ) (1_6 )2)
The symbol Q of F'is then found with the aid of the relation 4P C = C(2-) Q:

L /=2(1+e™™) 8V2(1—e™)?
Quy = & (T SRy,

We can now check that the matrix C satisfies the conditions asserted in Theorem 3.2: indeed,
det C vanishes to order 2 at 0, and choosing the superfunction 1 := By (which satisfies 1& B2 =
7 ®, for 7(u) = (\/5(1 +e7%), 1)), we find that 7 C as well as D(r C) vanish at the origin.

Obviously, the factorization process is not unique. Using, e.g., the matrix factorization of
Example 4.5 of [P], we obtain P(u) = 4~! C(2u) Q(u) C(u)~" with

Cl) = (\/5(_14:5?) 2(1_3\?”)) - Q)= (%(—1+20e1—w — i) %2(1J(:6_”>) '

The function vector F' = (0, fQ)T corresponding to Q satisfies the relations D2¢y = —45 + 2fy +
2E_1f2 and D2¢1 = \/5((; + £~ — Qfg)

These two factorizations are still closely related in the sense that the (infinite) span of E(F)
coincides with that of E(F), and supp D?¢; = supp f2 =10, 1]. O

Our use of the above theorem (in the next section) will be as follows: our specific factorization
technique there exploits a transition matrix C of a very special structure. That structure will
be then combined with the ‘universal properties’ that are attributed in the theorem above to all
transition matrices, and the result will be an algorithm that finds the special transition matrix C
of our process.

As stated before, we also establish a converse theorem, concerning the passage from the symbol
Q of some refinable vector to the symbol P of a refinable vector that provides high approximation
order. In that theorem, we will need the following lemma:
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Lemma 3.5. Let C be a square n X n matrix with 2x-periodic entries. Assume that C is smooth
at the origin, that det C has a zero at the origin of exact order k, and that rank C(0) = n — 1.
Then, after permuting the columns of C if necessary, C can be factored into

C=Cy (I+Ty),

such that:
(i) 1 is the identity matrix and

(I—e ™*-1 0 0
ty 0 0
T, = s 0 0,
tn 0 ... 0
with t;, 2 < j < n, trigonometric polynomials with spectrum in {0, —1,...,—(k—1)}.

(ii) The entries of the first column of Cy are as smooth as the corresponding entries of C, save
the fact that at the origin the former may ‘lose’ k orders of smoothness. In particular, since
C and Cy, differ at most in their first column, Cy is a trigonometric polynomial matrix, if C
is one.

Proof: Since rank C(0) = n — 1, we may assume without loss that the last n — 1 columns
of that matrix are linearly independent. It suffices to prove the £ = 1 case, and then to apply
induction: indeed, suppose that the factorization is possible for j < k. Then, the last n — 1
columns of C; are the same as those of C, hence these columns are still linearly independent in
C;(0). Also, C;(0) is still singular, since det(I+ T;) has a zero at the origin of exact order j, and
J < k. Therefore, the case k = 1 applies here to extract another factor of the form I+ T; from C;.
The induction is completed with the observation that the product of two expressions of form I4 T
and I + T is clearly an expression of the form I+ T;; ;. So, we assume without loss that £ = 1.
Since C(0) is singular, there exists a vector v = (1, vq,vs,...,v,)T € €" such that C(0)v = 0. This
means that there exists a smooth vector w such that Cv = tw, with t(u) := 1—e~*. (Here ‘smooth’
is meant in the sense of the case & = 1 in the theorem, i.e., that w is as smooth as the entries
of C, except at the origin, where it may loose one order of smoothness.) Let C; (respectively V)
be the matrix obtained from C (respectively I) when replacing the first column by w (respectively
v). Then the above shows that CV = C;diag(t,1,...,1). The result now follows from the fact
that diag(¢,1,...,1)V~! has exactly the required form I+ T (with the first column of Ty being
(t—1,—vgy ..., —v,) 7)) O

Theorem 3.6. Let Q be the symbol of an s-refinable distribution vector I’ with n entries:

Let C be an n X n matrix whose entries are 2w-periodic bounded functions that are smooth at the

origin. Assume that the following conditions are satisfied for some numbers k > 0, and m < k—1/2.
(i) F is smooth at the origin, and grows slowly at co: |F(u)] = O(|u|™).

(ii) Q(0) has no eigenvalue of the form s' (I € IN, [ > k).

(iii) det C has a k-fold zero at the origin, and rank C(0) = n — 1.

(iv) While F(0) # 0, CF has a k-fold zero at the origin.

Then the matrix

(3.7) P(u) = - C(su) Q(u)C(u) !

sk
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is a symbol of a uniquely determined (up to multiplicative constant) s-refinable vector ® C Lo
whose corresponding S(®) provides approximation order k. Moreover, the functions in ® decay at
+oo at the same rates as the distributions in I' (in particular, ® is compactly supported if F' is
compactly supported) provided that C is a trigonometric polynomial matrix.

Proof: We note that the vector ® is obtained from the inverse transform ®¢ of CF by a
k-fold integration, i.e., ®(u) = (iu) "*®y(u) = (iu) ¥ C(u) F(u) (this is due to the appearance of
the s=* factor in the definition of P).

We first want to show that the vector ® is uniquely determined by P, and for that rewrite
(3.7) as PC = s7%C(s)Q, which gives at the origin the relation

(3.8) P(0)C(0) = s~*C(0)Q(0).

We recall that ® can be a refinable vector with symbol P only if P(0) has an eigenvalue of the
form g = s', 1 > 0 (cf. [HC], [JS]; the statements there are confined to compactly supported @
and dyadic dilations, but the argument extends wverbatim to arbitrary dilations, and to the case
when P and ® are merely smooth at the origin). Let y be any left eigenvector of P(0) whose
corresponding eigenvalue is a power s' of s. Then (3.8) implies that s*+'yC(0) = yC(0)Q(0). Since
sk+l cannot be an eigenvalue of Q(0) (because of assumption (ii)), we conclude that yC(0) = 0.
Since rank C(0) = n — 1, it follows further that y is uniquely determined (up to a multiplication by
a scalar). This implies that there exists a unique right eigenpair of P(0) of the form (s',2), 1 > 0,
and from that one easily concludes the uniqueness. Indeed, given a solution @, one observes from
the relation ®(s-) = P® that (s/, D/(®)(0)) is a right eigenpair of P(0), with j the first derivative
of ® that does not vanish at the origin. Thus, the uniqueness of the right eigenpair (s',z) implies
that, given two different solutions ® and ¥, they vanish both to same order j at the origin, and

D7 (®)(0) = D’(W¥)(0) = z. But, then, the transform of the non-trivial solution ® — ¥ has a zero
at the origin of order j + 1, hence P(0) has the eigenvalue s/*! which is a contradiction.

Since C is bounded, it follows from the slow growth assumption on F that |§>0(u)| = O(|u|™),
hence that |§>(u)| = O(Ju|™=*%). Since m — k < —1/2, we conclude that ® C L,.

If C is a trigonometric polynomial matrix, then ®g lies in the finite span of the shifts of F; in
particular @y decays at £oo (at least) at the same rate as F. Since condition (iv) above implies
that @0 vanishes to order k£ at the origin, it easily follows that ® also decays at oo at that same
rate (with the usual exception: if ®y decays at +oo at an algebraic rate [, the decay rate of ® may
only be [ — k.)

In order to prove that S(®) provides approximation order k, we invoke Lemma 3.5: since our
matrix C here satisfies the assumptions made in the lemma, we can factor C into Ci(I+ T), with
T being in the form of Ty in the lemma. Note that the first entry of a vector (I + T)ﬁ is of the
form (1 — e~")*7); (u), with 5, the first entry of F. This implies that the first entry in the inverse
transform of (I+ T)ﬁ is V¥1;. When applying the k-fold integration, we obtain a vector ®; whose
first entry is By * ;. Note that

® = Cy,.

Now, C(0) is invertible, hence Cj is invertible on some neighborhood € of the origin. Let S
(respectively Sp) be the set of all functions in S(®) (respectively, S(®;)) whose Fourier transform
is supported on Q2 + 277Z. The relations $= Ck(fl, and @1 = C?&), which are valid on Q + 2777,
show, [BDR2], that S = S;. On the other hand, the general theory of approximation orders of FSI
spaces, [BDR1,BDR2], implies that the approximation orders provided by any S(F') are determined
by the restriction of F to Q-+ 2r7. Combining all the above, we conclude that the approximation
orders provided by S(®) equal those provided by S(®4).
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We now recall that one of the entries of ®; is of the form ¢ := By % 1y, and show that the
subspace S(¢1) of S(®q) already provides approximation order k. For that we observe first that
M(0) # 0 (otherwise, since C(0)F(0) = 0 by assumption, we get from the linear independence of
the last n— 1 columns of C(0) that F'(0) = 0.) Thus, [BDR1], in order to prove that S(¢;) provides
2=

approximation order k, it suffices to show that Z]’EZWZ\O |a(u +7) O(|u|**), near the origin.

Using the fact that |§k(u)|2 = sin?*(u/2)|u/2|7?*, that requirement is reduced to showing that
Y jernmo I (v + #)lu 4+ j]72* is bounded near the origin. However, that follows from the slow
growth of 7y, together with the fact that m — k < —1/2. O

Again, the conditions in the theorem can be simplified under various additional assumptions
on the refinable vectors. We provide here a sample result in this direction, in which we study the
following additional feature of stability.

Corollary 3.9. Assume that F is a compactly supported refinable vector, with symbol Q, whose
shifts are pre-stable, and let C be a trigonometric polynomial matrix which is non-singular every-
where on (0,2m). If (i-iv) of Theorem 3.6 are valid then the solution ® of Theorem 3.6 is compactly
supported and has stable shifts, provided that the zero det C has at the origin is exactly of order k.

Proof: The existence of a unique solution was proved in Theorem 3.6, and the argument
that proves the compact support of @ is sketched there, too. So, it remains to show that the shifts
of ® are stable. Since ® has compact support, the stability requirement is equivalent to pre-stability
(see Corollary 2.11 and the discussion following it), i.e., equivalent to the linear independence, for
each 8 € [0, 27), of the sequences

Cop 27l C il GO +1), ¢ €.

For 6 € (0, 27) that linear independence is clear from the relation 5(0{—1) = (i(@—l—l))_kC(O)l/f(H—l—l)
(since C(8) is invertible, and the sequences [ — f(@ + 1), f € F are linearly independent, by the
pI’Ae—stability assumption on the shifts of I'). It remains, thus, to show the linear independence of
{0() hezrmy ¢ € @. R

For that, note first that the restriction to 277ZZ\0 of ® has rank n — 1: indeed, assume that
y®(l) = 0, for every [ € 2rZ\0. Then y C(0)F(l) = 0, for every | € 2x7 (with the case [ = 0
follows from the assumed fact that C(O)ﬁ(O) = 0). The pre-stability assumption on F' then implies
that y C(0) = 0; however, C(0) has rank n — 1, by assumption, hence such y is (essentially) unique.
Consequently, in order to complete the proof here we need to show that, y@(O) # 0, for the unique
y in ker C(0)*.

Let E := ¢ C™!, with ¢ := det C. Then the entries of E are trigonometric polynomials, hence
EC as well as CE are continuous everywhere. Since off the origin EC = CE = ¢l (with I the
identity), we conclude then that E(0)C(0) = C(0)E(0) = 0. However, rank C(0) = n — 1, with the
corresponding left (right) eigenvector being y (]3(0)7 due to assumption (iv)), hence, necessarily
E(0) = cF(0)y, for some non-zero ¢. Combining these observations with the identity

g(u)CH ()@ (u) = (iu) ™ g(w) F(w)
(which is valid everywhere off the origin), we obtain, by taking u — 0, that
(cy®()) F(0) = (lim (iw)~"(u)) F(0),

u—0

ie., y@(O) = (limy—o(iu)"*¢(u))/c. Since we assume that the order of the zero det C has at the
origin is ezactly k, we conclude that y®(0) # 0. O

16



Example: spline functions. Take ﬁ(u) = (1, iu, ..., (iw)"H7T and let & > n. Then obviously,
F is compactly supported, has pre-stable integer shifts and I is s-refinable with symbol Q(u) =
diag(1, s, s*,...,s"71). Let further, C = Cj (T +I) with

(I—e ™)F—1 0 0
ta(u) 0 0

Tr(u) = ts(u) 0 01,
W) 0 0

where each ¢;, 2 < j < n, lies in the span of (e‘”“)fz_ol and is determined by D't;(0) =
—81 i1 7L (j=1)!for{ =0,...,k—1. Then indeed, D'[(T}(u)+1I) F(u)]lumo = 0for [ =0,... k-1,
and conditions (ii)—(iv) of Theorem 3.6 are satisfied.

In the special case that Cj is a matrix of trigonometric polynomials, the vector ® which is
determined by the symbol P = s7*C(s-)Q C~! is a vector of compactly supported spline functions
of degree k — 1 with integer knots.

Letting for instance n = 2, i.e., ﬁ(u) = (1,4iu)T, and k = 2, Cp = I, we obtain t5(u) = e~ —1

and ~ N3
- &1 (w) 1 ((1—e™)2 0Y) »
o = A~ = . F
(u) (¢2(u) G \ e 1) Fl)
leading to
x oz e(0,1]
1- € (0,1
ai=f2-s acz,  aw={'7" 1E]
0 z ¢ (0, 2] '
The corresponding symbol P reads
—ius 2
1 (1_e—iu ) 0
Py(u) = — e .
2(“) 82 _(l_e—zsu)_l_s(l_e—zu)

(T—e—7u)2 s

For n =2, k=3, and Cy = I, we find t(u) = 271(=3 + 4e= — e72) and

~ 1 1— e—iu 3 0 R
(I)(u) = (2u)3 (%(_3:_46—iu _) €—2iu) 1) F(u)

with the corresponding symbol

Py (u) = 1 (1 —emius)3 0) .

= (3= (- ) o= ea- ey

This time, the first entry is the cardinal B-spline of order 3 with support [0, 3] and for the second,
we find

(=3z+4)z z€(0,1]
4 ¢y () = 2-2)* 2€(1,2].
0 z ¢ (0, 2]

17



4. Factoring the refinement symbol

The main result of this paper, which leads to the new factorization is as follows:

Theorem 4.1. Let ® be an s-refinable vector of Lo-functions with symbol P that provides ap-
proximation order k. Assume further that

(i) @ satisfies the strong H(k) property at = = {27j/s: j=0,...,s — 1}.

(ii) D¥® grows slowly on O + 2x7Z, with O the neighborhood that appears in the H(k) condition.
Then there exist ¢g € ® and a distribution n such that

F:=quDr', & :=d\¢

is s-refinable with a symbol Q, and the following hold:

(a) The entries of Q have the same smoothness as those of P. In particular, if P is a matrix-valued
trigonometric polynomial, then so is Q.

(b) If ® satisfies the strong H(k+1) property, but S(®) does not provide approximation order k+1,
no non-zero distribution in the finite span of E'(F) is in Ly (IR).

(c) If the shifts of ® are La-stable then the shifts of F' are pre-stable.

(d) ® — F is a good factorization process of order k, i.e., S(By* F) = S(®), with By the B-spline
of order k and F is continuous at 0 with ]3(0) # 0.

Since the case when P is polynomial (hence ® is compactly supported) is of primary interest
here, we find it suitable to restate the main theorem for this particular case:

Corollary 4.2. Let ® be an s-refinable vector of compactly supported Ly-functions with trigono-
metric polynomial symbol P, and assume that S(®) provides approximation order k. Assume
further that ® are linearly independent over 0 + 27w7Z, for every 8 € =,. Then there exist ¢g € ®
and a compactly supported distribution 1 such that

F:=nuD'e',
with ®' := ®\ ¢y, is s-refinable with a trigonometric polynomial symbol Q, and the following hold:
(a) No entry of I is in Ly(IR) unless S(®) provides approximation order k + 1.

(b) If the shifts of & are La-stable then the shifts of F' are pre-stable.
(c) F is a factor of ® in the sense that S(By x I') = S(®), with By, the B-spline of order k.

Remark: the exact meaning of the ‘same smoothness’. We claim in the above theorem that
the new symbol Q is ‘as smooth as’ the old symbol P is. The precise meaning of that statement is as
follows: each entry ¢ of the new mask will be proved to be in the form pt, with p the corresponding
entry of the old mask, and ¢ a rational (entry-dependent) trigonometric polynomial; the rational
polynomial ¢ has the following property: first, all its poles are at =, and second, if ¢ has a pole of
order j at &, then p is smooth in a neighborhood of £ and has a zero of order > j at £ itself. One
then concludes that the entries of Q are trigonometric polynomials (respectively, analytic functions,
C'*-functions, continuous functions) if the entries of P satisfy that property. However, the property
P € C* is not inherited by Q. O

We turn our attention now to the proof of Theorem 4.1. For that, several preparations are
needed. We start with the following definition from [R2]:

Definition 4.3. Let k£ be a positive integer. We say that ® C L, has the Property H(k) if the
following condition is met: S(®) provides approximation order k for the entire W5 whenever there
exists a nonzero function f € I/Vf_1 such that, for some sequence (h;); that decreases to zero,

dist (f, Dp(S(®))) = o(h*™ 1), h=hy, ha,....
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If ® is refinable, then dist(f, D (S(P)) = 0, for every f € S(P), and every h = s~™, m positive
integer. Thus, if the refinable S(®) satisfies the Property H (k) and has non-zero intersection with
I/Vf_l7 it must provide approximation order k. The reference [R2] establishes simple sufficient
conditions for the satisfaction of the H(k) property. For example, it shows that in the univariate
case every local FSI space satisfies that property, regardless of the value of k. However, if the
generators ¢ are not compactly supported, more should be assumed. For example, the following is
implied by the proof of Proposition 4.2 in [R2].

Result 4.4. Let k be a positive integer, ® a finite subset of Ly(IR?). If ® has the strong H(k)
property then it also has the Property H (k).

In addition to the above, we need to following (technical) lemma:

Lemma 4.5. Let ®y := (¢, ¢2,...,6,)T be an s-refinable vector of Ly-functions with a symbol
Py, which satisfies the strong H(k) property at =, = {27” : 7 =0,...,k—1}. Further, assume

that 1 satisfies the Strang-Fix conditions of order k (i.e., 1& has zero of order k at each point of
21 7Z\0, but does not vanish at the origin.) Then each of the off-diagonal entries in the first row of
Py has a k-fold zero at each € € =;. The diagonal element of the first row has a k-fold zero at each

€€ Z,\0.

Proof: Let v be the first row of Py; then ¢ = v(s )@0( ). Assume first to the contrary
that some derivative D/, 0 < j < k of v does not vanish at some r € 2%{17 ..., — 1}, We may
assume without loss that

(4.6) Di'v(ry=0, j' €{0,...,5-1}.
Now, for every m € 2777,
0= DIG((r+m)s) = (D) (r) Do(r+ m),

with the left-most equality due to the Strang-Fix conditions, while the right-most equality due to
(4.6). Since, by our strong H(k) property at r, the sequences ®q(r + -) are linearly independent on
2774, we obtain the contradiction that D’v(r) = 0.

It remains to show that the non-diagonal entries of v vanish to order k at 0, too. We choose in
the previous argument r = 0, and assume that m € 277ZZ\0. With v’ the off-diagonal entries of the
vector v, and @) := ®o\¢, we observe that, for [ < k, D!(v®¢)(m) = D'(v' ®})(m), since  has a
k-fold zero at m, due to its satisfaction of the Strang-Fix conditions.

Thus, we may repeat the same argument by negation as for the case r # 0, to find j such that

DJv'(0) # 0, while
0= DI b(sm) = (D7')(0) B(m).

In order to reach the desired contradiction, we need thus to know that the entries of @’ are hnearly
independent on 277Z\0. Suppose that there is a non-trivial linear combination qﬁ of span @’ that

vanishes on 277Z\0. Since 1& also vanishes there, then a non-trivial linear combination of 1& and qﬁ
must vanish at all the 27-integers. However, the strong H(k) property that we assume here implies,

inter alia, that @0 are linearly independent over 27 7Z. O
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Proof of Theorem 4.1.

We first invoke Result 2.3 and replace one of the entries of ® by the superfunction 1 of that
result. It is elementary to verify that the new vector still satisfies the strong H(k) property. Also,
Result 2.5 tells us that the symbol of the new vector is obtained by multiplying P by matrix-valued
trigonometric polynomials, hence the new mask maintains all smoothness properties of P. We
denote the new vector by ®y = «» U ®’ and its symbol by Py.

Next, by Theorem 2.6 there exists a tempered distribution 7 such that ¢» = By * 1. We define

F := (y, D*®").

We will show that this vector F' is refinable with mask Q, and that (F, Q) satisfy the requirements
(a-d). The most immediate condition is, perhaps, (d): upon convolving I’ with B := By, we obtain

BxI'= (¢, VF') =: @,.

As easily follows from Theorem 1.7 of [BDR2], S(V*®') = S(®'), and thus S(®;) = S(Po). It
is also straightforward to see that S(®¢) = S(®). The continuity of F at the origin follows from
the continuity of @, the latter being granted by the strong H(k) property; finally, ]3(0) # 0, since
7(0) # 0 (since QZ(O) # 0, by Result 2.3). Altogether, we obtain (d).

In order to prove the refinability of /' (and in order to find its mask Q), it is convenient to

inspect first the vector ®; (see above). We note that any vector G that generates S(®) (in the sense
that S(G) = S(®)) is refinable, hence so is ®;. However, we would like to find its mask. For that,

note that ®; = D &, with D the diagonal matrix D(u) := diag (1, (1 — e™®)* ..., (1 — e7")k),
hence indeed @, is refinable with symbol

P, :=D(s)PyD™.

Now, &1 = B x I, and B is refinable with symbol

—isu\ k
sk (L) .
1 —e
Therefore, we obtain that I is indeed refinable with symbol

1— e—iu

1— e—isu

Q(u) = s" ( )k D (su)Pg(u) D(u) ™'

Introducing Dy (u) := (1 — e~)*D(u)~! = diag ((1 — e~™)* 1,..., 1), we can rewrite Q as
Q = Sk Dl_l(S) PO Dl.

So, only the entries in the first (i.e., 1-) row of P¢ are being divided when switching to Q: the
diagonal entry is divided by (1=5=+-)*, and the rest by (1 — e~*%)*,

We are claiming, howeverf tilat the entries of Q are smooth; thus we need to show that each
entry in the first row of Py vanishes to order k at each of the zeros of the polynomial it is divided
by. For that, we have Lemma 4.5: Since our 1 satisfies the SF conditions of order k (thanks to
Result 2.3), and since the vector ®; satisfies the strong H(k) property, we are entitled to invoke
that lemma. It is elementary to check that the zeros the lemma grants us are exactly those we need

in order to render the above division ‘benign’, and (a) is thus proved.
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Assertion (b) follows from Result 4.4 (together with the discussion preceding that result): If
there exists a non-zero Ly-function f in the span of E(F), then g := By, * f € W& and, by (d), ¢
lies in S(®). Therefore, the strong H(k+1) property will imply that S(®) provides approximation
order k£ + 1.

Finally, in view of Corollary 2.11, we may assume, while proving (c), that ® are linear inde-
pendent over each 6 + 2772, § € IR (and prove that F has a similar property). First, in view of the
definition of @y, it is clear that @0 is also linearly independent over each 8 + 2x7Z. Since

F(u) = =——D(u)®o(u) = (7(u), (iu)"®' (u)),

and D(u) is invertible for u € (0, 27), the linear independence of {(fo(u + 27l) }iem gives the
linear independence of {F(u -+ 27l) }iez- 1t remains to show that {f(?ﬂ'l)}lez (f € F) are linearly
1ndependent or equivalently, that {F(Qﬂ'l) : | € 7} has rank n. By the Lj-stability of &,
d1m{<I>0(2ﬂ'l) l € 7} = n, and, since ¢(2ﬂ'l) = 0o, dim{®’ (2wl) : 1 € 7\ {0}} = n — 1. Thus,
dim{(27il)*®'(2xl) : 1 € ZZ\ {0}} = n — 1 and the assertion follows since 7(0) = ( )/Bk( ) # 0.

We would like to describe an algorithm that implements the factorization whose existence
is asserted in Theorem 4.1. For that purpose, we only need the following general sketch of the
proof of the theorem: in order to find the factor F, we first replace one of the entries of ® by the
superfunction 1 of Result 2.3. The new vector @ is then related to the old one ® via &g = U; P,
with Uy as in Result 2.5. In the next step, a k-fold difference is applied to each ¢ € (Po\70) to
vield a new vector ®; which is related to ®¢ via

®; =D&y, D(u)=diag (L, (1—e"™)F . (1-e ™)),

Finally, the B-spline By is factored from each of the entries of ®; resulting in the final vector F.
Thus

(4.7) F=B;'DU,o.

We state below the corollary that summarizes those observations. In that corollary we use the
following (essentially known: cf. e.g. [DM], Lemma 2.1, and the case k = 1 in Result 2.3) lemma:

Lemma 4.8. Let ® be a refinable vector such that

(i) ® is continuous on O + 2r7Z, with O some neighborhood of the origin and ®(0) # 0;
(ii) the sequences &)|27ﬂ are in ¢o(2rx7Z) and are linearly independent.
Let P be the symbol of ®. Then 1 is a (geometrically) simple eigenvalue of P(0).

Proof: Since ®(0) = P(0)® ®(0) and ®(0) # 0, 1 is an eigenvalue of P(0). If, now, (1,y)
is a left-eigenpair of P(0), then y®(s™l) = yP(0)™ ®(l) = y®(l) for [ € 2x7Z\ 0 which implies
(by taking m — oo, and using the decay conditions on (f) that yZI;(l) = 0. If (1,y') is yet another
eigenpair of P(0), then, too, y 'd =0 on 27 7Z\0, which implies that z ® = 0 for some non-trivial
linear combination of y, y'. However, ® are assumed to be linearly independent on 277ZZ, hence
z =0, i.e. {y,y'} are dependent, hence 1 is a simple eigenvalue. O
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Corollary 4.9. Let ® be an s-refinable vector of Ls-functions with symbol P which satisfies
conditions (i), (ii) of Theorem 4.1. Suppose that ® is ordered such that the first entry of the left
(i.e., row) l-eigenvector of P(0) is not zero. Assume that S(®) provides approximation order k.
Then P admits a factorization

1— e—isu

P(u) = (ﬁ) W (i)™ Qu) W(u),

with W a matrix of the form

Lo (u) o Ty, (u)
0 (1—e"v)* ... 0
W(u) =1 . . . . 7
0 e 0 (1—e ')k
where 74, (u), j = 2,...,n, are suitable trigonometric polynomials in the span of(e_“”')é?;é. More-

over, the entries of Q have the same smoothness as those of P and, in particular, Q only has
trigonometric polynomials as entries if P does. Finally, the factorization is a good factorization of
order k.

Proof: The result follows directly from the discussion preceding this theorem (with W
here being DUy). The only part that requires verification is the statement concerning the correct
ordering of the elements in ®, i.e., that we may replace the first entry of @ by the superfunction
¥ of Result 2.3. For that, we recall from the proof of Theorem 4.12 in [BDR4] that ¢ € & is
replaceable by the superfunction if, with ¢ the canonical k-vector, the ¢-entry of o(0) is non-zero
(see Result 2.2). Since, by Result 2.2(iii), (1,0(0)) is a left (row) eigenpair of P(0), if follows from
the simplicity of the eigenvalue 1 of P(0) (and from the assumption we make) that the first entry
of o(0) does not vanish, hence that we may replace that entry by the superfunction. O

Discussion: An algorithm for computing the symbol Q of F. As said before, the practical
input/output of a factorization process are the symbols P and Q (rather than the vectors ¢ and
F). In order to be able to compute Q from P, we only need to know the transition matrix C (in
the relation ® = (i-)"¥CF), since Q is related to P as in (3.7). Comparing (3.7) with Corollary
4.9, we find that C™1(u) = (1 — =)W (u), and one can then check directly that

e L cee =Ty
0 1 0 0
C= 0 R ,
0
0 0 1
with 7;, j = 2,..., n, trigonometric polynomials with spectrum in {0, —1,..., —(k—1)}. In order to
determine the trigonometric polynomials 7 = (72,...,7,), we appeal to the general conditions on a

factorization matrix C from Theorem 3.2; specifically we invoke (c) there. As the superfunction in
that result we choose the canonical one (as discussed at the beginning of section 2). We will have
then (a) to find the canonical vector o of order k, and (b) to use the fact that ¢C has a k-fold zero
at the origin in order to compute the above 7-polynomials.
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The second task here is straightforward: with o; := o4, the condition about ¢C requires that
each o; — 7;01 has a zero of order k at the origin (j = 2,...,n). Fixing j, and differentiating this
function m times (m = 0,...,k — 1) at the origin leads to a lower triangular & x k linear system
Az = b, with z(r) = D"7;(0), b(m) = D™0;(0), and A(m,r) = (") D™ "01(0) (r=0,...,k—1,
m > r). Note that the system is invertible since o1(0) # 0. One then easily finds 7; from its kth
order Taylor expansion at the origin.

The argument above shows that we do not need to find the canonical vector o, but only its
derivatives (up to order k — 1) at the origin. For that we invoke now part (ii) of Result 2.2.

As discussed before, the strong H(k) property implies that 1 is a simple eigenvalue of P(0).
Since ¢(0) is the corresponding left eigenvector, and (%(0) is the corresponding right eigenvector, it
follows that ¢(0) is already determined by conditions ¢(0) P(0) = ¢(0) and o (0) @(0) =1.

An m-fold differentiation of the expression o(su)P(u) — dg;0(u), followed by an evaluation at
u = 0 leads to the system

D™ (0) (s™P(0 Z( ) m=i Dm=ra(0) DAP(0),

and evaluation at v = &, £ € Z\ {0}, to the systems

D"o(0)(s"P() = - 3 (1) ro(0) PG

The right hand side in each of the above systems requires the vectors D"o(0), r = 0,...,m — 1,
hence we can compute D¢ (0) recursively for m = 1,2,...,k — 1, provided that the matrices

b p () (2]

(where m > 0) do not have a common left-eigenpair (0, w). Thus, it remains only to show that
such an eigenpair (0,w) cannot exist: the refinability of d implies that, for each [ € 2x7Z\0,
@(l) = P(0)"P(&)v, for suitable integer r;, £ € =,\0, and a vector v € C"; hence, if an eigenpair
(0, w) exists, it follows that w L ®({). Furthermore, since P(0)®(0) = ®(0), it also follows that
w L @(0) This implies that ® are linearly dependent on 2772, hence that the Gramian matrix of ®
is singular at the origin, contradicting thereby the strong H(k) property that we assume throughout.

o

Example: GHM-scaling functions. Consider again the GHM-scaling vector ® = (¢y, ¢9)T with
symbol P as in (3.4) for s = 2. Then, with y := (1, \/75), (1,y) is a left eigenpair of P(0) hence
either entry of @ is replaceable by the special superfunction . Let us first compute the canonical
superfunction 1y = o ®, or more precisely, the canonical ®-vector ¢ of order 2. As stated in Result

2.2 (i,ii), (¢(0), Do (0)) is determined by o(0) @(0) =1 and

a(0)P(0)=0(0),  o(0)P(m)=0,
2D (0) P(0) + o(0) DP(0) = Do(0) 2Do(0) P(x) + o(0) DP(r) = 0



also, o(u) = (0(0) — iDo(0)) + iDa(0) e~ These equalities provide with ®(0) = L(v2, )T the
vectors (0) = (v2, 1) and Do (0) = £ (v/2, 2) and hence o(u) = (%5(3 —eT), (2 — e Of
we want to replace ¢; by its corresponding superfunction » = 1y (from Result 2.3), we need to

compute 7/ = 7,,. The above relations lead to

1 V2
T (0) = Ty, (0) Oy (0) = 77
D7 0) = s (D, (0) = Der 0)70,00) = ¥

o4,(0)

Hence, 75, = %2(3 — ™). The special superfunction (of Result 2.3) corresponding to ¢; is then

V1= 1+ (B — da(-— 1)
The special superfunction ¢ = 1, corresponding to ¢, is obtained by computing 74,. We

find, analogously as before, 7, (0) = /2 and Dy, (0) = —i\/Ti, and hence 74, (u) = g(l + e,
Thus, the superfunction corresponding to ¢o, 1y = ¢ + \/Ti(qbl + ¢1(- — 1)) is the hat function Bs
(cf. Example in §3).

Note that according to Theorem 2.6 ¥; = 19 % 1, with a suitable distribution 5. O

5. An application: the smoothness of univariate refinable vectors

As mentioned before, the new factorization technique leads to numerical methods for the
computation of the smoothness exponent of each entry in a univariate refinable vector ®. This
application is the topic of the current section. We focus on the Li-smoothness parameter (aliased
as ‘Sobolev regularity’), which is defined, for a tempered distribution ¢, as

a(g) :==sup{a € R: ¢ € WS},

with Wy* the usual Sobolev space. Note that we do not exclude the possibility of a negative «.
Let @ C Ly(IR) be an s-refinable vector with mask symbol P:

d(s-) = PO.

A major challenge in wavelet theory is to determine the smoothness of the functions in ® using
mostly information about the mask P. It is beyond the scope of this paper to review to any
extent the enormous work that was done on this problem. We will incorporate, however, some
of the most recent results on the matter from [RS], hence need to briefly review those particular
results. We mention that the results of that reference apply to refinable vector functions in several
variables, however, aiming at combining those techniques with our univariate factorization results,
we describe the results of [RS] in a univariate context only.

The functions/distributions we study here are the components of a refinable vector F', partic-
ularly that of Theorem 4.1. However, this study is only the means for finding the smoothness of
the entries of the original refinable ®. We rely here on the facts that almost all the entries of ®
coincide with those of By * F', and that
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Proposition 5.1. Let I be a refinable vector of compactly supported tempered distributions with
bounded symbol P. Then, for each f € I', and each B-spline of order k, (B * f) = o(f) + k.

We prove this result at the end of this section (since the only proof we know involves the
transfer operator, and is, surprisingly, very technical and elaborate).

The reference [RS] suggests two equivalent techniques for determining the smoothness of a
refinable @, the transfer operator approach, and the subdivision operator approach. We
choose here to describe the problem in terms of conceptually simpler subdivision approach. (We
stress that the subdivision operator approach is not necessarily the right approach from the compu-
tational point of view.) In order to simplify the presentation, we assume throughout the remainder
of this section that the refinable vector ® is compactly supported (but not necessarily that the mask
symbol is polynomial), choose an interval [0, a] that contains supp ®, and set

H :=span{u— e " : r € ([—a,a]N7Z)}.

Definition 5.2. Let ¢ be s-refinable with mask symbol P. The subdivision operator is a map
T* from H® into itself defined by

T*:g—/sPP*D7 g,
with D=1 : g — g(s-), and with P the orthogonal projection onto H?® (say, from L, ()?)). O

The techniques that use either the transfer operator iterations and /or the subdivision operator
iterations are intrinsically numerically unstable: they attempt to compute eigenvalues that are
smaller in magnitude than the spectral radius of the operator. In rough terms, there might be
three different sources for this unfortunate phenomenon (i.e., that we are bound to chase a non-
dominant eigenvalue):

(i) The refinable ® consists of functions, and not merely distributions. In this case, the spectrum
of the subdivision operator contains large eigenvalues that are connected to approximation orders
/ polynomial reproduction (some of them are guaranteed to be larger than the eigenvalue we are
after). Factorization solves this problem. The problem can be solved without factorization (see
below) but at the cost of the above-mentioned numerical instability.

(ii) The shifts of ® are not stable/pre-stable. This grants the subdivision operator additional
irrelevant eigenvalues (that may or may not be large), hence should be suppressed, too, if large. In
fact, [RS] is the first article to tackle the regularity problem without the assumption of stability.
We note that in one variable a factorization method (of a completely different nature compared to
the one here or that in [P]) can still be used to overcome that particular problem (cf. [R3] for a
discussion of that other factorization technique in the univariate scalar case).

(iii) The attempt to find separate regularity estimates for each of the entries in ®. At the time
this article is written, we know of no method (even in one dimension) for avoiding this problem.

When reading the two results below, it is useful to keep in mind the following picture: the
use of the Gramian in these results is the way one suppresses (at least in theory) the eigenvalues
that arise from instability (cf. (i) above). The use of the trigonometric polynomial u below is the
way one suppresses the eigenvalues that arise from the positive smoothness of the entries of ® (cf.
(i) above). Finally, componentwise estimates of the smoothness are obtained by choosing different
initial seeds.

We quote now two different results from [RS]: the first concerns the smoothness of Lj-refinable
®, and the second concerns the smoothness of ® whose entries are not in L. We recall the notion
of the Gramian as defined in Definition 1.4, and the notions of stability and pre-stability of the
shifts of ® (cf. §2).

In what follows the Gramian G is considered pointwise as a quadratic form, i.e., given v : TI' —
C?, the notation G(v) stands for the (scalar) function ¢ — v*(£)G(t)v(t).
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Result 5.3. Let ® C L, be s-refinable with mask P and Gramian G. For ¢ € ®, let 14 € IR® be
the vector whose ¢-entry is 1 and the other entries are zero. Finally, let u(t) := (1 — e~")?% with
k any positive integer that exceeds the regularity parameter of ®. Then:

(I) Define a(k, ¢) = HG(uT*k(l(b))Hz/jT), and find a(¢) := limsup,_, ., a(k, ). Then the regu-

larity parameter a(¢) of ¢ is a(¢p) = —710&2&(@-

(I1) Define ay(k,¢) = HuT*k(l(b)HlL/jT), and find ay(¢) := limsup,_, . ar(k,¢). Then the regu-
larity parameter a(¢) of ¢ satisfies a(¢) > —log, ar(¢), and equality holds if the shifts of ¢

are Ly-stable.

Result 5.4. Let ® be an s-refinable vector of distributions. Let v be a “sufficiently smooth”
compactly supported function, for which v x ® C Ly, and let G be the Gramian of v x ®.
(1) Set b(k,¢) = HG(T*k(l(lg))Hij), and let b(¢) = limsup,_, . b(k,¢). Then the (negative)

regularity parameter of ¢ is —M.

(1) Set by(k,¢) = HT*k(l(b)Hz/;(gF), and let by(¢) := limsup,_, . br(k,¢). Then the regularity
parameter a(¢) of ¢ satisfies a(¢) > —log,br(¢), and equality holds if the shifts of ® are

pre-stable, provided ¢ € L.

We want to apply the Result 5.4 for estimating the regularity parameter of the entries ¢ of ®
separately. Invoking our results of §4, the procedure is as follows: For a refinable function vector
® with given mask symbol P and approximation order k, we first choose an appropriate good
factorization process ® — F' of order k and then compute the (negative) regularity parameter of
the entries D*¢, ¢ € ® of I (recall that all the functions in the vector F, with the exception of
one, are of this form).

Example: GHM-scaling functions. Let us compute the regularity parameter of the first entry
¢y of GHM-scaling function ® = (¢, ¢2)7. From the example in §3, we recall that ® — F with
F = (D%¢y, §) (with § the Dirac distribution) is a good factorization process and F is refinable

with ‘ Y .
L =2(14e7") 8V2(1—e™™)
Q(u) - g ( 0 5 .
Numerical computation of ay(¢1) := —log, br(k, ¢1) + 2 with

then gives e.g. 3o (qbl) = 14045857 [8%:40] (qbl) = 14427517 @100 (le) = 14713757 9200 (le) = 14856877
500 (qbl) = 14942757 1000 (gbl) = 1.497138.

The computation suggests that indeed the regularity parameter a(¢1) is not greater then 1.5.
On the other hand, a computation of the regularity parameter of ¢, ¢2 together (with the approach
by transfer operator, see e.g. [J], Example 4.2) gives the Sobolev regularity parameter 1.5. O

Proof of Proposition 5.1. The fact that a(By, * f) > «(f) +k is trivial: D¥(By+ f) = V¥ f, and
obviously «(V*f) > a(f). The refinability assumption plays no role here.

For the converse we let T be the transfer operator defined as follows: let F' be refinable with
mask Q. Then 7T is defined on all /' x I’ matrices H whose entries are in Ly (') as

s—1

TH:= ) (QHQ")(

m=0

-+ 27m

).
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Section 3 of [RS] proves that if v is a sufficiently smooth compactly supported function with mean-
value 1, and if u is a 27-periodic function which vanishes at the origin to a ‘high enough’ order,
and is positive in some punctured neighborhood of the origin, then, with G, the Gramian of v x F
and with g4, the ¢-diagonal entry of 77 (uG, ), we have that

log,, im sup,,,_,., |96, | . i)
a(g) = '

2

With loss, we assume that v is of the form v = By * ¢/, with v’ some other ‘sufficiently smooth’
mollifier.

Now, suppose that we replace F' by ® := By * F', and set out to find the smoothness of the
entries of ® using the above recipe. Since of v’ *x ® = v *x F, we may still use the same Gramian
(, as before. As the other mollifier v’ we choose u' = sin(-/2)%*u, with u the function used in the
F-process. Let P be the symbol of ®, then

PHP" = (%)M QHQ".

This implies, with T} the transfer operator associated with ®, that
T1(u'G) = s~ sin?* (/)T (uG,),

hence that
T (u'G,) = s~ sin?* (-/2)T™ (uG,),

Finally, since F and ® are compactly supported, [RS] shows that the matrices 77" (¢«'G,) and
T™(uG,), m = 1,2,...all lie in some finite dimensional space. Since all norms are equivalent on
finite dimensional spaces,

1/m
lim sup Hg¢,mH};/lT(an) = lim sup (/ sin2k(-/2)g¢7m) .
m— 00 ™m—00 ik
The result now follows. O
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