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Abstract

This paper is concerned with the construction of biorthogonal multiresolution analyses on [0, 1]
such that the corresponding wavelets realize any desired order of moment conditions throughout the
interval. Our starting point is the family of biorthogonal pairs consisting of cardinal B-splines and
compactly supported dual generators on IR developed by Cohen, Daubechies and Feauveau. In con-
trast to previous investigations we preserve the full degree of polynomial reproduction also for the
dual multiresolution and prove in general that the corresponding modifications of dual generators
near the end points of the interval still permit the biorthogonalization of the resulting bases. The
subsequent construction of compactly supported biorthogonal wavelets is based on the concept of
stable completions. As a first step we derive an initial decomposition of the spline spaces where
the complement spaces between two successive levels are spanned by compactly supported splines
which form uniformly stable bases on each level. As a second step these initial complements are
then projected into the desired complements spanned by compactly supported biorthogonal wavelets.
Since all generators and wavelets on the primal as well as on the dual side have finitely supported
masks the corresponding decomposition and reconstruction algorithms are simple and efficient. The
desired number of vanishing moments is implied by the polynomial exactness of the dual multires-
olution. Again due to the polynomial exactness the primal and dual spaces satisfy corresponding
Jackson estimates. In addition, Bernstein inequalities can be shown to hold for a range of Sobolev
norms depending on the regularity of the primal and dual wavelets. Then it follows from general
principles that the wavelets form Riesz bases for L3 ([0, 1]) and that weighted sequence norms for the
coefficients of such wavelet expansions characterize Sobolev spaces and their duals on [0, 1] within a
range depending on the parameters in the Jackson and Bernstein estimates.
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1 Introduction

The objective of this paper is the construction of biorthogonal multiresolution analyses and corresponding
wavelets on the interval [0, 1] with the following properties:

(i) The primal multiresolution consists of spline spaces for any desired degree d — 1.

(ii) For a given degree d — 1 of the splines and any de N, d > d such that d + d is even the dual
multiresolution has degree d — 1 of polynomial exactness.

(iii) As a consequence of (ii) the biorthogonal spline wavelets have the corresponding number d of
vanishing moments.

(iv) All generators and wavelets on the primal as well as on the dual side have finitely supported masks
so that decomposition and reconstruction algorithms are simple and fast.

(v) The wavelets form Riesz bases for L;([0,1]). Moreover, discrete norms based on these wavelet
expansions characterize Sobolev spaces and their duals on [0, 1] within a range depending on the
regularity and degree of exactness of the involved multiresolution analyses.

1.1 Background and Motivation

The issue of constructing wavelets on the interval has been recently addressed in several papers (see
e.g. [AHJP, CQ, CDJV, CDV, Me]). However, as far as we know none of these approaches meets the
above complete list of requirements. While [CDV, CQ] focus on orthogonal decompositions [AHJP] does
address biorthogonal multiresolution but fails to build in any polynomial exactness of the dual spaces.
Furthermore, neither is it proved there that the central biorthogonalization of properly adjusted spanning
sets is actually possible nor are the Riesz basis property and related Sobolev norm equivalences established
which are of fundamental importance for many applications.

It is perhaps instructive to point out why the above requirements are important and why we found it
worthwhile investing some further technical effort into their realization. First a few general comments.
One important property of wavelets on the line is that the wavelet representation of many operators
is (nearly) sparse which is crucial for fast numerical processing. The near sparseness is an immediate
consequence of a sufficiently high number of vanishing moments, see (iii). This, in turn, is implied by
the corresponding polynomial exactness of the dual multiresolution throughout the respective domain as
required in (ii) above.

As for (v), the stability of the multiscale transformations forming the reconstruction and decomposition
procedures is known to be equivalent to the Riesz basis property of the wavelet bases. The Sobolev norm
equivalences, in turn, are equivalent to the fact that for elliptic problems diagonal scalings of stiffness
matrices relative to wavelet bases yield uniformly bounded condition numbers and thus facilitate fast
iterative solvers [DK, DPS3].

Wayvelet schemes for the approximate solution of saddle point problems stemming, for instance, from a
weak formulation of the Stokes problem or mixed formulations of second order scalar elliptic equations lead
to further examples where the requirements (ii) and (v) are essential. Here it is important to construct
pairs of trial spaces for pressure and velocity, say, which are compatible in the sense that the so called
Ladysenskaja- Babuska- Brezzi condition is satisfied. In [DKU] the construction of families of such spaces
for any spatial dimension and any degree of exactness was based on suitable biorthogonal multiresolution.
Since the pressure is discretized there by the primal multiresolution while velocities are represented in
terms of the dual multiresolution it is important that both spaces have sufficient polynomial exactness
to guarantee accurate solutions. In particular, realizing a higher degree of exactness for the velocities
requires the ability of raising the exactness of the dual multiresolution independently of the degree of the
primal one as in (ii) above. Again preconditioning of the resulting matrices is based on (v).

Another context where the above conditions are relevant is the numerical solution of boundary integral
equations. While conventional boundary element methods usually give rise to densely populated matrices
wavelet based discretizations often lead to nearly sparse matrices [BCR, DPS1, DPS2, PS|. The analysis
in [DPS3, Schn] yields precise conditions on the wavelets that guarantee asymptotically optimal efficiency.
By this we mean that the compressed stiffness matrices contain only an amount of nonvanishing entries of



order N, N being the number of unknowns, that diagonal scalings produce uniformly bounded condition
numbers, and that the solutions to the compressed systems still exhibit the same asymptotic accuracy as
those to the unperturbed problems. When the boundary surfaces are represented by parametric mappings
it is convenient to construct the wavelets on the surface by means of parametric mappings of wavelets
defined on the unit square [DS]. Thus, again tensor products of wavelets on the unit interval form the
core of the construction. Specifically, when the integral operators have nonpositive order asymptotic
optimality requires for the primal system a higher number of moment conditions than the degree of
exactness which rules out orthogonal decompositions and stresses the importance of (ii) and (iii). Also
when the operators have negative order preconditioning the compressed matrices requires the validity of
Sobolev norm equivalences also for Sobolev spaces of negative order. Again (ii) is needed for this purpose.

These are some instances where the results available in the literature were not sufficient and thus lead us
to the present investigation. One could add other examples such as appending boundary conditions by
Lagrange multipliers [K1]. This leads to similar requirements on the wavelets defined on the boundary
curve or surface. Furthermore, biorthogonal wavelet bases are used for the pressure computation when
employing divergence {ree wavelets for the Stokes problem [U2].

Our starting point is a family of biorthogonal multiresolution analyses on IR developed in [CDF]. Specif-
ically, we confine the discussion to the case where the primal multiresolution is generated by cardinal
B-splines. Polynomial splines have numerous practical advantages over other types of scaling functions,
among them explicit analytic representations and minimal support relative to their smoothness.

1.2 Biorthogonal Multiresolution in L,(IR)
6 € Ly(IR) is called refinable with mask a = {ar}rez, ax € R, if

6(z) = Z arf(2z — k), = € R a.e. (1.2.1)

We say that two refinable functions 8, 6 form a dual pair if
(9, é(- — k))]R = ok, k€ Z, (1.2.2)

where in the sequel for any domain Q C IR
(h9)a = [ f@h(e)de.
Q

It is well-known that @ and 6 can be normalized so that

/G(m)dm = /é(m)dm =1. (1.2.3)

R R

Let us abbreviate for any collection C C L3(Q2)
S(C) = clos,(span C),
the Lj closure of the linear span of C. It will be convenient to write for g € Ly(IR)
gl k] i= 2j/2g(2j -—k), JkeZ.

Thus, defining

S; = {8 : kEZY), 5 =S{fyp : ke 7)), (1.2.4)
refinability is known to imply
.C 8 C8p1C..., dosp, (| ;)= La(R),
jeZ
(1.2.5)
. C S’j C §j+1 C..., ClOSLE( U 5']) = Lz(B),
jeZ



and

mSj: mgj:{O}.

JEZ JEZ

Moreover, if 8,8 have compact support it is easy to see that for ¢ = {c }xez € £2(Z),

|35 st =]y ~ el ~ | 32 b =], (1.2:6)
which due to
||6[,j7k]||L2(B) = 161l 2., (m) (1.2.7)
implies the uniform stability of the scaled dilates,
> et~ el (1.2.8)

kEZ

and likewise for 6. Here a < b means that a can be bounded by some constant multiple of b uniformly in
any parameters on which @ and b may depend. Similarly, we write a ~ bifa < band b < a.

6,8 are called the generators of the multiresolution sequences S = {S;}jez, S = {5'] }jez. Moreover, it
will be convenient to refer to S and S as primal and dual multiresolution.

Recall that under the given circumstances the polynomial exactness of the spaces S; determines their
approximation power. We say 6 is ezact of order d if all polynomials of degree at most d — 1 can be
written as a linear combination of the integer translates 6(- — k). In fact, defining

o5, (y) = ((-)’,5(- - y))m (1.2.9)
one has then, in view of (1.2.2), the explicit representation
2" =Y a; (k)f(z—k), z€R, r=0,...,d—1, (1.2.10)
keZ
which will be used frequently later on.

The concept of biorthogonal wavelets consists now of finding complement spaces W;, Wj of §;, 3']- in
S;+1,S;+1, respectively, satisfying

W;1S;, W;LS;, (1.2.11)
so that, by (1.2.5), 5
WL W,, j#r (1.2.12)
It is known [CDF] that defining new masks
by = (=1 %@k, br:=(—1)Fa1_x, ke Z, (1.2.13)

such spaces W, Wj are generated by the dilates and translates of the functions
= b6z —k), dx)=> bb2z—k), (1.2.14)
kez keZ

which satisfy

(9,1ﬁ(' - k))]R = (5,¢(- = k))]R =0, (M(- - k))m =bok, kE€EZ. (1.2.15)

Note that if § is exact of order d, one immediately infers from (1.2.10) and (1.2.11) that ¢ has d vanishing
moments, 1.e.,
/mw(m)dm:o, r=0,...,d— 1. (1.2.16)
R

Finally, a fact of primary importance is that the collections {4y : j, k € Z} ,{1,5[’7-,;4] 2 J k€ Z} form
(biorthogonal) Riesz bases of Lz(JR) which means that

1ol ~ D @ d5el ~ D (v, ¥50)E v € L(R). (1.2.17)
IhkeZ IhkeZ
In fact, the latter relations can be extended to norm equivalences for a certain range of Sobolev spaces.

The objective of the subsequent investigation is to construct biorthogonal wavelet bases for L,([0,1])
retaining as many properties of the above setting as possible.



1.3 The Layout of the Paper

The standard derivation of the above facts makes heavy use of Fourier techniques (see e.g. [CDF]). When
working on the interval such techniques are not directly applicable which forces us to resort to alternative
tools. Therefore we briefly collect in Section 2 a few general concepts which will serve that purpose and
will guide later constructions. Some of these results are known, some are implicit in various studies and
some are simply folklore. Nevertheless, we hope that the reader will benefit from putting them briefly
together since we feel that they help making several somewhat technical developments more transparent.
The main tools are stable completions [CDP] and associated stability criteria as well as a mechanism
for generating from some initial multiscale decomposition of a multiresolution space other complements
which correspond to biorthogonal wavelets. Moreover, we recall a general criterion for establishing the
Riesz-basis property and Sobolev norm equivalences based on direct and inverse estimates [D2]. The
results presented in this section provide the guideline for the whole subsequent development.

In Section 3 we construct spline multiresolution spaces of arbitrary degree on [0, 1] along with a dual
multiresolution satisfying requirements (i) and (ii) above. The basic idea is quite familiar. To construct
two collections of spanning sets of multiresolution sequences that are candidates for biorthogonal bases
on [0, 1] one has to form special boundary near basis functions by forming fixed linear combinations of
translates of scaling functions in such a way that the resulting linear spans are still nested and contain all
polynomials up to the original degree of exactness (see also [AHJP, CQ, CDV]). Since (see (3.2.5) below)
the support of the dual generator 6 is at least as large as that of 8 the degree of exactness of the dual
multiresolution determines the number of summands appearing in the boundary near basis functions.
Due to these modifications the resulting collections of functions have equal cardinality but are, of course,
no longer biorthogonal. Apparently, the fact that a biorthogonalization is actually possible has never
been established in previous investigations, not even in the case where no exactness is enforced on the
dual side. After completion of this paper we became aware of a similar approach [Ma] where, however,
again the biorthogonalization is not rigorously justified. Therefore, we invest some effort in proving that
the involved linear systems are always nonsingular which is the main result in Section 3. Moreover,
applying the results from Section 2 yields discrete norms which are equivalent to Sobolev norms on [0, 1]
for a range depending on the regularity and the exactness of the generators.

Section 4 is devoted to the construction of biorthogonal wavelets. Here our approach differs again in an
essential way from previous studies. It is divided into two steps. By adapting a factorization result for
biinfinite B-spline refinement matrices from [DM1] to the case at hand, we first construct in a systematic
way a family of initial stable completions. Once this has been accomplished we can again make use of
the results in Section 2 to derive next biorthogonal wavelet bases. The primal and dual wavelets all have
compact support. Moreover, combining the stability of the completions with the norm equivalences from
Section 3 readily confirms that these wavelet bases are Riesz bases for L3([0, 1]). Furthermore, weighted
coefficient norms are shown to be equivalent to Sobolev norms within certain ranges of Sobolev exponents.

Finally, in Section 5 we briefly comment on the actual computation of the various ingredients of the
construction and display a list of filter coeflicients as well as plots of the generators and wavelets for the
example d = 3,d = 5. Data for several other cases can be obtained from the authors.

2 Some General Concepts

2.1 Two Scale Relations

When trying to carry over the results from Section 1.2 to the interval [0,1] we have to give up on
translation invariance. The arguments which we will employ actually hold in greater generality and since
they will be used in different settings we will formulate the main facts in sufficient generality to permit
their flexible application. For later use we record a few facts from [CDP]. Let X be some Hilbert space
with inner product (-,-) and norm || - ||3;. We are interested in spaces of the form S(®;), j > jo, jo € IN
fixed, where ®; = {¢;r : k € A;} C H are uniformly stable in the sense that

lelleaa,) ~ [1@5 clln, e € £2(4y), (2.1.1)

uniformly in j > jo. Here we have used the shorthand notation

@?‘C = Z de’j,k-

keA;



It is known that nestedness S(®;) C S(®;+1) and stability imply the existence of matrices Mj,0 =
(m{,k)leAHl,keAj such that

$ik= Y mbiriy, kEA; (2.1.2)
leAjqa

Of course, in the case (1.2.1) treated in Section 1.2 the refinement coefficients m{k = a;_j are indepen-
dent of j. However, in particular, when working on the interval it will be much more convenient to regard
the above refinement relation as a matriz relation. In fact, viewing as above ®; as a vector (2.1.2) takes
the form

®7 = &7 Mj0. (2.1.3)

Moreover, denoting by [X, Y] the space of bounded linear operators from a normed linear space X into
the normed linear space ¥ one has [CDP]

Mo € [L2(Aj), L2(Aj+1)],  [[Myol = O(1), 5> Jo, (2.1.4)
where

M0l := sup My,

011||l (A- .
2(Aj41)
uEl2(Aj)7||“||42(Aj):1 !

Although in all our applications the index sets A; will be finite we remark that the results remain valid

for infinite sets A; as well where the corresponding matrix-vector operations are to be understood in the
sense of absolute convergence. Thus, the situation in Section 1.2 is covered as well.

2.2 Stability and Approximation

Exploiting our shorthand notation a little further we define for any two collections ®, ©® C H the matrix

(2,0) := ((¢,0))gez,0¢c0-

In particular, for v € #, (v, ®;) denotes the (row) vectors with entries (v, ¢; ), k € A;. We will make
use also of the following observation whose proof will be included for the convenience of the reader.

Lemma 2.1 Let # = L3(Q) where Q is a domain in IR" or a manifold and let <I>j,<i>j C H have the
following properties:

(a) ®; and &)j are biorthogonal, i.e.,
(®;,9;) =L (2.2.1)

(6) 1185kl 11@,6ll2 < 1.
(c) ®; and &)j are locally finite, i.e., setting
Ojk = SUDD Bjk, Ojki=sSupp bk, k€A,
there exists a constant C < oo such that
#{k' € Aj o Noje# 0}, #{k €4;: 6,0 NGj, #0}<C. (2.2.2)
Then

(i) {®;} :={®;}>j0, {ij} = {(i’j}jzju are uniformly stable.

(ii) Let Q be a domain with Lipschitz boundary and let I1;(Q) denote the space of polynomials of total
degree (at most) 1 — 1 on Q. IfII;(Q) C S(®;) then

ujelg(‘i‘j) ||U U]||L2(Q) N ]||U||HL(Q), vE ( )’
where h; := supkeAJ_{diam&j,k, diamo; x}.

Here H'(Q) is the usual Sobolev space with norm || - |z (a)-



Proof: By (b) and (c), one has for k € A;
2

o S el D0 el

k'€D LIV R

127 ellZ

where Az = {k' € Aj : 0;x Nojx # 0}. Summing over £ € A; and taking (2.2.2) into ac-
count provides ||<I>Tc||L2(Q) |lelles(a,)- Furthermore, let v; := <I>;‘-Fc so that by (a) and (b), |ex|? =
|(v],¢>], W2 < ||UJ||L2(&j,k)‘ Again summing over k € A; and using (2.2.2) yields ||c||z,(a,) < [|v]lza(a)
which proves (i).

As for (ii), one has for v € H(Q2) and any P € II;(Q)
v = (0, 8))®jllLatosn) < 10 = Pllzatosa) + 10 = P 5) @5l 1a(050)
S v = Pllzae,n) +11v = Pllzags;u)

where &, := U{6, % : k' € A} Since P was arbitrary (ii) follows from a classical Whitney-type
estimate, squaring and summing over k € A, and taking again (2.2.2) into account. [

Remark 2.2 The results of Lemma 2.1 are readily extended to the case ®; C L,(R), &)j C Ly(S2) where
11—)—1— % =1,1< p,q < oo, replacing H'(Q) by W}f(Q)
The proof of Lemma 2.1 already indicates the usefulness of the projectors

Qv = (v, ;)®;, Qv = (v,8;)%;, (2.2.3)
which are obviously adjoints of each other.

Now suppose again that % = L3(Q) where € is some sufficiently smooth manifold so that Sobolev spaces
H? are well-defined for the range of indices under consideration. First recall the following fact from

[CDP].

Remark 2.3 Let {®;} be uniformly stable. The Q; defined by (2.2.3) are uniformly bounded if and only
if {ij} is uniformly stable as well. Moreover, the Q; satisfy

QQ; =@, <7, (2.2.4)
if and only if the <i>j are also refinable, i.e., there exist matrices 1\~/Ij,0 = (m{,k)leAHukeAJ‘ defining
uniformly bounded mappings from £3(A;) — £2(Ajy1) such that

&7 = &7, Mj0. (2.2.5)
Note that then (2.2.1) implies 5 5
M7 oMo = MJ (M, o =L (2.2.6)

The relevance of Lemma 2.1 and Remark 2.3 is explained by the following criterion from [D2] for the
validity of Sobolev norm equivalences and the Riesz basis property.

Theorem 2.4 Let {®;}, {<i>]} be uniformly stable, refinable, biorthogonal collections and let the Q; be
defined by (2.2.3). If the Jackson-type estimate

uuelf lv — vllzaqa) S 27 59||v]| grs sy vEH(Q), s<n, (2.2.7)

and the Bernstein inequality

[villze(a) < 2°Ilvsllzagay, v € Viy s <, (2.2.8)
hold for V; = 8(®;) and V; _S( ;) with n = d, dandy=t<d, y=1<d, respectively, then
1/2
lvllzre (@) ~ Z 229(Q5 — Qj—1vllley | » s€ (i) (2.2.9)

Jj=Jjo

Here we have used the convention that Qj,_1 := 0 and that for s < 0 H*(Q2) means the dual (H*(Q))*
of H=*(Q) relative to the dual form induced by (-,-).



The norm equivalence (2.2.9) suggests identifying stable bases ¥; (and \il]) of the particular spaces
W; = (Qj — Qj-1)H and W; := (Q] — Qj_,)H which due to (2.2.4) agree with (Q; — Q;-1)S(®;) and

j—1

(QF — Q7_1)S(®;), respectively. It is well-known that such collections ¥, ¥; are actually biorthogonal

when properly normalized. In fact, the relation S(®,;_1) L W; can easily be confirmed as follows. For
any v € H one has by (2.2.1) and (2.2.5)

(Q5 = Qj-1)v,%j) = <(U, ;)®;, M?‘—l,0~j> - <<U, ®j_1)®;-1, &’j—1>
= (v, M;"p—l,oéﬁ — (v, (i)j—1> =0.

2.3 Stable Completions and Biorthogonal Bases

Given two collections &, <i>j of biorthogonal functions our goal is to determine next the corresponding
collections ¥;, \ilj of biorthogonal wavelets. Our strategy is to accomplish this in two steps. In many
cases it is possible to identify some initial complement of S(®;) in S(®,41). Then one can project this
complement onto the desired complement (Q;+1 — @;)5(®;11) while preserving stability and compact
support of the basis functions. First we need a stability criterion for complement bases. We can formulate
this again for the above general Hilbert space setting.

Proposition 2.5 ([CDP]) Suppose that {®;} is uniformly stable and (2.1.3) holds. Then {®; U ¥;}
for ®; C S(®;j41) is uniformly stable if and only if there exists

M1 € [62(V;), L2(Aj 1)), Vi=Aj\ 4,

such that

¥j = 871 M (2.3.1)

and M; = (M, 0, M, 1) € [£2(A; UV,),€2(Aj41)] is invertible and satisfies
IM;], M| = 0(1), 3§ > jo (2.3.2)

In fact, one has

_ypet | T A T Vv u®
e a7 (2 <870t + 9707, <o) | (1 L esy)
u lE(AJ'UVJ') u lz(AjUVj)
where c1, ¢y are the constants from the stability relation (2.1.1).
Writing Mj_1 =G; = (g’f), one obtains the reconstruction formula
N
T T T
¢‘7+1 = ¢‘7 Gj’o + \I’] Gj’]_. (2.3.4:)

Given ®; and M o, any M; 1 € [£2(V;), £2(Aj4+1)] such that (2.3.2) holds is called a stable completion of
M, o [CDP].

Clearly the pair of two scale relations (2.1.3), (2.3.1) together with (2.3.4) gives rise to cascadic decompo-
sition and reconstruction algorithms whose structure is analogous to the classical wavelet schemes on the
real line. Their description in terms of the matrices M ., G,., e € {0, 1}, can be found e.g. in [CDP].

Recall that uniform stability of {®; U ¥,} does by no means imply the Riesz basis property (1.2.17) of
the union of the complement bases ¥; for all j > jo. This is where biorthogonality comes into play (see
[D1, D2]). Thus, given some stable completion M; 1 of M; o we need next a mechanism to generate the
stable completion corresponding to the particular complements (Q; — @;-1)S(®;). It can be based on
the following observation from [CDP]. Suppose in the sequel that the biorthogonal collections {®;}, {®;}
are both uniformly stable and refinable with refinement matrices M; o, 1\~/I]-,0, ie.,

3T = o7 \Mjo, &7 =&7 Mo (2.3.5)

Proposition 2.6 ([CDP]) Let {®;}, {®;}, M, o and M, be related as above. Suppose that M, is

some stable completion of M; o and that G; = Mj_l. Then

M1 = (I— M, oM7 )M 1 (2.3.6)



is also a stable completion and G; = Mj_1 has the form

M7
;= ( . J’O). (2.3.7)
Gj1
Moreover, the collections B § B
;=M @541, ¥;:=Gj1, P4 (2.3.8)
form biorthogonal systems, B B B
(¥;,9;) =1, (¥;,®;)=(®;,%,) =0, (2.3.9)
so that B B
(Qj+1— Q5)S(2j11) = S(¥;), (Qj11— Q7)S(2j41) = S(¥;). (2.3.10)

In view of (2.3.5), (2.3.9) implies that the collections
\I’:(Il’jDUU\I’j, @::ijDUU\i’
Jj2Jo Jj2Jo

are biorthogonal, B
(¥, = 6; 41, 5 >d0o—1, (2.3.11)

where with V; _1 := Aj0, Y51k = ¢jo .k, 1,5]-0_1,;‘; = ¢~>j0,k. Recall that

(W5, 950 = (Wi Birn) o T =GR B E V52 50— 1),

Note that with B §
L; = —MJ (M 1, (2.3.12)

the new complement functions 1; ; are obtained by updating the initial complement functions ij,k by a
linear combination of the coarse generators ¢, 5. In fact, by (2.3.6) and (2.3.5),

U = @7 M, = &7 M1+ &7 M, oL; = ¥] + &7 Ly,

ie.,

Yik =ik + O (Li)kdin, k€ V. (2.3.13)

leA;

The following result is an immediate consequence of Theorem 2.4 and Proposition 2.6.

Corollary 2.7 Under the assumptions of Theorem 2.j one has
1/2

1ol 2= (@) ~ Z ST 2%, )] s e (). (2.3.14)

=jo— lkev;

Note that, in particular, for s = 0 the Riesz basis property relative to Ly(£2) of the ¥, ¥ is covered.

2.4 Changing Bases Continued

Clearly relation (2.3.4) describes a change of bases involving two successive scales. In addition we will
also have to change bases within a given scale. It is therefore convenient to use the following simple
mechanism for identifying the new refinement relations as well as corresponding stable completions. To
this end, suppose that &’ is refinable with refinement matrix M;-70 and some stable completion M;’l.
Suppose we perform a change of bases in S(<I> ), i.e.,

®; = C;%}, (2.4.1)

we will need the corresponding new refinement relation.
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Remark 2.8 For <I>;-, ®; as above one has

&7 = @71, M0 (2.4.2)
where
M;,0 = C;iM; ,CT. (2.4.3)
Moreover,
M1 = C;iM;, (2.4.4)

is the corresponding stable completion where

c;TG;CF
M;t= (7 TR0 ) = ay (2.4.5)
G;1Cin

Proof: <I>;‘-F = (Cj<I>;-) =(®

,7+1) M OCT 8T T M C confirming (2.4.2) and (2.4.3). Further-
more, one has

J+1+~5+1

c; TG CT cT o) [/c;T o
T g/ T =T ng/ jt+1 _ =T ng! 1 T
(Cy+1M Ci 1 CinMy, ) ( G, C " ) = CiM; ( 0 I) ( 0 I)G it
J
-T
= C;LM;GjCT, =1,

which proves the claim. [
3 Biorthogonal Multiresolution in L,([0,1])
3.1 Boundary Functions
Suppose now that 6, 6 form a dual pair of refinable functions as in Section 1.2 with

supp 8 = [£1, £2], (3.1.1)

and that 6 is exact of order d. Let a = {a,k}f:l1 denote the mask of 8§ where a; := 0 for k < 4; or
k > £;. The essence of the following observation is well-known (see e.g. [AHJP, CDV]). However, since
the precise role of the various parameters chosen here will matter and since the refinement relation below
differs somewhat from the findings in [AHJP] we will include a proof of the following facts.

Lemma 3.1 Suppose that

£> -4 (3.1.2)
and define
-1
6 rcapr = D, @5 (m)bymlp, , T=0,...,d-1 (3.1.3)
m=—4L3+1
Then one has
2044, -1
911[ agr = 27 (r+1/2)< it1,0—dtr T Z aar 9[,7+1m]> (3.1.4)
204452
+ Y B (m)Blsim, r=0,...,d—1,
m= 2l+l1
where
-1
'Bé,r (m) = 2_1/2 Z aé,r (q) a'm—2q (315)
g=[ 752

and |z| ([z]) is the largest (smallest) integer less (greater) than or equal to z.
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Proof: In view of (1.2.10), one has

Z aé,r(m)gb,m](iﬂ):2]/2(2‘7:13)T, T:O,,,‘,d_]_‘

meZ
Inserting the refinement equation on IR (1.2.1) written in the form

2m+4,

OLj,m) = 271/ Z at—2m O 11,41 meE Z,
t=2m+4,

into (3.1.6) yields

2.7/2 2.7 Z 2= 1/2( Z aé,'r‘(m) at_zm)9U+1,t]($)

teZ

or, equivalently,

2(j+1)/2(2j+1m)7 = Z or ( Z aé,?‘ (m) a’t—2m) 9[j+1,t](m’)'

teZ m= |—t 42-|

Comparing this with (3.1.6) for j exchanged by j + 1 results in the identity

277y, (t) = Z ag ,.(m)ai_am
m=[*52]
Now by definition (3.1.3), (3.1.6) yields
0 arn(@) = P @y | = o, (m) (o),
m=4{
= 272 N ey (m) Opa,mi(e Z ag,(m
m=—4L3+1

Splitting the first sum and using (3.1.3) gives

L
6j,l—d+r

m=4 m=4

= 2 (T+1/2)(91+1t dtr T Z%r ) O+1mi | )

oo 2m+t4,
_ Z aé,r(m) (2_1/2 Z A _2m 6U+17t]|ﬂ+ )
m=4 t=2m+4;

upon inserting (3.1.7). Exchanging the order of summation in the last term yields

gﬁz—dw 2t 1/2) (GJ'L+1,t—d+r + Z aé,r(m) O5+1,m] |1R+)
m=4

> > 2 ey, (m)ar-am B,

t=2444; m=4
2444, -1

= 2 (r+1/2)( 1godir T Z aar 9[,7+1m|m)

=4£

m:2l+ll

12

2_(r+1/2)(6]1.’+1’l_d+r + Zaéﬂ‘ ™m) 9L7+1m ) Za b

) 05,m]

@), -

Otm |JR+

(3.1.6)

(3.1.7)

(3.1.8)



Substituting (3.1.8) in the last sum, one obtains

2042, —1
gjL,z—d+r = 27 (T+1/2)(9L+1z dtr T Z o, (m 9[,7+17n|m )

L—’" - | =55

- 2—1/2( > (@) am-2g— Y, aé,r(q)“m—z’q) O1,ml |,

m=24+14; q= |'m 42'| g=1¢

20+4,—-1
— 9= (r+1/2)(9L+“ sor Z a5, (m) 5 41,m |B )

L4202 by
+ Y (Y 0, @ameas) Gl
m:2l+ll q:rm_TLZ-l

which, in view of (3.1.5), is the asserted relation (3.1.4).

Note that

s, (y) = / (z +y) O(z)dz = (:) Y / 2" 0(z)dz (3.1.9)
R 2=0 R
is a polynomial of degree r whose coeflicients (:) S m’_ié(m)dm can be computed exactly with the aid of
R

a recursion (see e.g. [DM2] as well as Section 5).

3.2 Spline Multiresolution

We will specify now the primal multiresolution as follows. Let us denote for a sequence of knots ¢; <
. < tiva by [tiy...,tiva)f the d-th order divided difference of f € C%(IR) at t;,...,t;44. Setting
z% := (max{0, 1:}) the cardinal B-spline g of order d € IV is defined as

ap(@) = d[0,1,...,d] ( —z—|2])] " (3.2.1)

Thus ¢ is centered around @, ie.,

ap(z +£(d)) = qp(—z), z € IR, (3.2.2)

where £(d) := d mod 2, and has support
supp ap = [3(—d -+ £(d), Hd+ £@)] = [ [2], [£])i= [6s, o (3.2.3)

ie., d=4{; — ¥ and £(d) = £; + £2. Thus, the B-splines of even order are centered around 0 while the
ones of odd order are symmetric around % The B-spline z¢ is refinable with finitely supported real mask

a= {ak}ff:ll, ie.,

L2
d
k:l1 2

k=4,

It has been shown in [CDF] that for each d and any d > d, de IN, so that d + d even, there exists a
function ; ;6 € L (IR) with the following properties (see [CDF]):

(i) 449 has compact support,

supp, ;6 = |—3d—d+ 1+ 34(d), 3d+d— 1+ 3Ld)| = [la—d+ 1,8, +d— 1] =: [{1,6]. (3.2.5)
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(ii) 4,49 is refinable with finitely supported mask & = {a,k}k i

5: 3(2z — k). (3.2.6)
:Z

(iii) 4,dP has the same symmetry properties as g¢p, i.e.,
Pz +£(d) =, 46(-2), z€R. (3.2.7)
(iv) The functions 4¢ and 4,4® form a dual pair, i.e.,
(d¢, (- — k))]R = Sok, k€ Z. (3.2.8)
(v) d7d~<,5 is exact of order J, i.e., all polynomials of degree less than d can be represented as linear
combinations of the translates d7d~<,5(- —k),keZ.

(vi) The regularity of , ;4 increases proportionally with d.

One easily checks that the symmetry properties (3.2.2), (3.2.7) have the following discrete counterparts

G = Qy(d)—ks Ok = Gg(a)-k, kEZ. (3.2.9)

In the following d, d will be arbitrary as above but fixed so that we can suppress them as indices and
write briefly ¢, ¢

The following construction of biorthogonal multiresolution analyses on [0, 1] follows first again familiar
lines in that we retain translates of dilated scaling functions ¢, ¢ whose supports are fully contained in
[0,1]. Since by (3.2.5) the support of & is at least as large than that of ¢, i.e. Ay >y, —by > —4y (even
ifd < d), we consider first the dual collections and fix some integer l satlsfylng

£> 0, (3.2.10)

so that the indices
T A
Aj = {¢,...,2 —£—¢(d)} (3.2.11)

correspond to translates ;) whose support is contained in [0, 1]. To preserve polynomial exactness of

degree d— 1 we need d additional basis functions near the left and right end of the interval which will be
constructed according to the receipe from Section 3.1. The corresponding index sets are then

0 h i s
Abi={i—d,...,i-1}, AB:={2 —F4+1-14(d),...,2 —i+d—Ld)}. (3.2.12)

We have included here a shift by —4(d) in Af to make best possible use of symmetry later.

On the primal side we need bases of the same cardinality. Since the degree d—1 of exactness is in general
different from d — 1 the boundary index sets necessarily take the form

L. 5 3 .. R fei 7.3 L.
Ay ={f—d,....L—(d—d) -1}, A :={2 L+ (d-d)+1-4£d),...,2? —£+d—£d)}, (3.2.13)

so that the interior translates ¢[; m) are determined by m € A? where
AV :i={—(d—d),...,2" — I+ (d—d)— ¢d)}. (3.2.14)

Of course, it will always be assumed that j is large enough to ensure that £ < 2/ — 7 — d) + 2((2— d).
By construction we have now

Aj =AY UAYUAE = A; = AT UAJUAT. (3.2.15)

Moreover, abbreviating

¢:=0—(d-d), (3.2.16)
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we observe that
L _
Ay = {£—d,...,L—1},
' . .
Aj = {2 —-24+1-4d),...,2 —£+d—¢d)}, (3.2.17)

Ay = {4...,27 —2—((d)}.

Note also that by (3.2.5) and (3.2.10), £ > Z, —(d~—d) = —£;1+2£; —1 so that the functions @[ ), m € A?,
are, under the above assumption on j, indeed supported in (0, 1), i.e.,

supp ;6] C [0,1], k€ A?, supp @pj,6) C [0,1], k€ A? (3.2.18)

The next step is to construct modified basis functions near the end points of the interval for the primal
and dual side. To this end, it will be convenient to abbreviate

G = ag (M), Qmy = ay(m). (3.2.19)
Since obviously
fpr = 2 [(P2) (22 —m)de= [z p(z —m)de
R " " , (3.2.20)
fp, = 2 f (29(1 - z))" p(29z — m)dz = [(27 — z)"p(z — m)dz,
R R
and likewise
&fm, = 2 [(Pe) §(Pe—m)de= [z §(z—m)de
5R " " . a (3.2.21)
o = 27% (27(1—2)) ¢(2z — m)dz = %(27 —z)" ¢(z — m)dz,

we conclude on one hand that

Z ajl-:m’r(ﬁ[j,m](m) = 2j(r+1/2)$r, Z afm,’l'(ﬁ[jym](m) — 2j(7‘+1/2)(1 —z)y, r=0,..., d_ 1,
meZ meZ

Z &Jl-:m’r(pw,m](m) = 2j(r+1/2)$r, Z &fm,r‘P[j,m](m) — 2j(7‘+1/2)(1 )y, r=0,...,d—1.
meZ meZ

On the other hand, noting that by (3.2.2),

/mr p(z —m)de = /(2j —z) (2 —z—m)de = /(2j —2) oz — (27 —m) + £(d)) dz,

(3.2.20) also reveals that

ajl':m,r = CQm,r, afm,r = Q25 —m—g(d),ry T = 0,.. 'aJ_ 1,
(3.2.23)
&]I':m,r = &’In,ra &fm,r = &2j—m—l(d),ra r=0,.. 'ad - L
Furthermore, recalling (3.1.5), let
i1
e = Bpn(m), B =271 N gy am g (3.2.24)
9=[ 5%
Employing (3.2.9) and (3.2.23), one verifies that
2 -[ 552 -4(a)
;:my"' = 2_1/2 Z afq7razj+1—m—l(d)—2q,
q:2j—z—l(d)+1
(3.2.25)

27 -[ 2552 - 4(d)

2L —-1/2 ~R .
jymy"' 2 / Z aquy"'a2]+1_m_l(d)_2q'
g=27 —£—£(d)+1
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Thus defining

o0 o0
R =272 Z ol dm-2gy By, =271/ Z &5, pGm—2q, (3.2.26)
g=27 —£—4(d)+1 q=27—i—4(d)+1
one obtains
R L 4R 5L
Bjmr = Bjzsti_m_t(ayrs  Bjmr = Bj2s+1_m_s(a),r- (3.2.27)

We can now follow the lines of Section 3.1 to define according to (3.1.3)

-1
L -
¢j,l—d+r = Z Cm,r Plj,m] |[0’1] y, r=0,...,d-1,
m=—4L3+1
(3.2.28)
27411
R — ~R _
¢j72j—l+d—l(d)—r = Z aj,m,r (p[J,m] [0,1]° r= 0, ceey d— ]_,
m=23 —£—£(d)+1
and likewise on the dual side
i-1
“r . ~ _ -
¢j,l~—(i+r = Z AUm,r Plj,m] [0,1] ? r= Oa"'ad_ 1,
m:—22+1
(3.2.29)
27-f-1
- . R ~ _ -
O ivd-e(d)—r T Z %me Plimlljoryr 7= 0reend—1,
m=27 —f—£(d)+1
while B B
ik = ©[5,k] ke A?, ik = 95[,7',1:], ke A?. (3.2.30)
In the sequel we will always assume that
i> [1og2(2+ bh—1)+ 1] = jo (3.2.31)
so that the supports of the left and right end functions do not overlap (but see Remark 5.1).
The following symmetry relations will be used frequently.
Remark 3.2 One has for z € [0, 1]
¢’f2j—z+d—z(d)—r(1 —z) = ¢]l':l—d+r(m’)’ r=0,...,d—1,
(3.2.32)
- L _ -
¢j,2j—l~+(i—l(d)—r(1_m) = ¢j,Z—J+r(m)’ T—O,...,d—l.
and
9[j+1,m]($) = 6[j+1’2j+1_m_l(d)](1 —z), 6=1¢,p. (3.2.33)

Proof: The relation (3.2.33) follows directly from (3.2.2). Moreover, by (3.2.2), (3.2.23), one has

27—4,—1

¢f2j—z+d—z(d)—r(1 —z) = Z 5‘2j—m—l(d),r 2912 ‘P(2j(1 —z)— m)|[0,1]
m=23 —L+1—£(d)

27 -4,-1
= 3 &2im—s(a)r 277 (P2 — (2 —m— ()],
m=27 —{+1-¢(d)
-1

= Z G,y 27/2 <p(2j1: — m)|[0’1] .
m=1+4; —£(d)
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Since by (3.2.3) £1 — £(d) = —£; we obtain (3.2.32). n

Defining now

¢ _{ ])',(ka kEA;(aXE{LaR}a
Gk —

ek, k€AY,
let
®;:={d;r : k€ A} (3.2.34)
and similarly
& = {gF, k€ AFYU{@u : k€ A2YU{PF, : k€ AR} (3.2.35)
Finally, define B B
S;:=5(®;), S;:= S(<I>;-). (3.2.36)

Proposition 3.3 (i) The spaces S; and 5']- are nested, i.e.,

S; C Sivr, 85 C Sju1, 32 Jo (3.2.37)

(i) The spaces S;, 5']- are exact of order d, d~, respectively, i.e.,

Ma([0,1]) C S5, Mg[0,1]) C 85, 5 > jo. (3.2.38)

Proof: As for (i), we have to show that the elements of the collections &;, &); are all refinable. Since by
(3.2.4),
2m+4, )
271: — Z arp( 27+1 —(2m+k)) = Z ak_chp(27+1m — k)
k=t, k=2m+4;

and since £ + ¢; > 0 the right hand side involves for m € A? only summands for &k € A?+1 the interior
functions are obviously refinable. On account of (3.2.10), the same holds for the dual side so that assertion
(i) follows as soon as we have confirmed refinability of the functions ¢] & ¢] o k€ AX AX X € {L, R}.

To this end, Lemma 3.1 immediately yields the refinement relations for ¢] o kE AJI-’, Sk ke A . In
fact, we infer from Lemma 3.1 and (3.2.19), (3.2.24) that
2044, -1
L r
OF g () = 2701/ <¢]+1 g (2 Z Gom,r Pl 41,m) (2 )) (3.2.39)
Ul-2
+ Z lg%m,r(p[j-l-l,m](z’)
m:2l+ll
and
B B 22+Z1 1
¢]l':l~—(i+r(m) — 9—(r+1/2) ¢]L+1 idnnl Z e Pl 4 1,m] () (3.2.40)
2i4i,—2
+ Z lg%m,r(ﬁ[j-l-l,m](m)‘
m:2l~+l~1
By Remark 3.2 and (3.2.27), one obtains
27+ _g—(d)
$F4_air(z) = 270F/2) ?+1,2J'+1_L+d_1(d)—r(1 —z)+ Z &1 PLi1,m] (1 — @)

m=27+1 —20—£(d)—£1+1
27 _24—g(d)—t,

+ > Blomretirrm (L — 2). (3.2.41)
m=2941 20— ¢(d)~La+2
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At the right end, we thus obtain for » = 0,...,d — 1 the refinement relations

271 _g—g(d)

¢’f2j—z+d—z(d)—r(“’) = 2_(T+1/2)(¢f+1,2j+1_z+d—z(d)—r($) + Z 5‘?+1,m,r‘P[,7'+1,m]($))
m=27+t1-2¢0—£,—£(d)+1

27 _24—g(d)—t,

+ > By Pl +1,m) (%) (3.2.42)
m=27+1 ~ 2~ (d)~La+2

and forr =0,...,d—1

27 _i_g(d)

iR _ o—(r+1/2){ IR R ~
¢j’2j_Z+J_l(d)_,,. (:l:) =2 ( / )( j+1,2j+1—l~+(i—l(d)—r(m) + Z aj+1,m,r‘p[,7'+17m](m))
m=23+1 —2{—F, —4(d)+1

27+ _2f—e(d)—i,

+ > By Bl +1,m)(2)- (3.2.43)
m=23+1—20—4(d)~L2+2

The proof of (ii) follows standard lines. It is short enough to be included. First note that by (3.2.20),

P

&y = D (T) 270 (1) G- (3.2.44)

< (3
2=0

Thus (3.2.22), (3.2.44) and (3.2.28) provide for any » € {0,...,d — 1} and z € [0, 1]

27,1
(121 _ gy = Z &fm,ﬂp[j,m](%)
m=—4L3+1
-1 T/ 27 —£—4(d)
_ j(r—1 7~ ~R
= Zl (; (z) 94( )(_1) am,’i> eri,m)(z) + z_:l aj’m,rcpw,m](m)

+¢’f2:‘—z+d—z(d)—r($)

P

= ()P i)+ X i evtion(@

2=0 mEA?.
R
525 tyd—e(a)—r (%),

which confirms the first part of (3.2.38). The rest is completely analogous. [

3.3 Biorthogonalization

By construction, the spanning sets ®; and &); from (3.2.34) and (3.2.35) have equal cardinality. It remains
to verify next that these sets of functions are linearly independent and, which is a stronger property, that
®; and @ can be biorthogonalized. Thus, we seek coefficients efkm, k,me A]X, X € {L, R}, such that
the functions

$ik = D ehmbim keAS, (3.3.1)
mEAf
satisfy
(¢>j,k, J’j,k’)[o g = Sk, kK € A]X, X ¢ {L,R}. (3.3.2)

Defining the generalized gramian

T x:= ((¢>j,k, J’fm)[o,l]) (3.3.3)

k,meﬁf,
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the matrix
. e (X
E],X = (ej,k,m)k,meﬁf

satisfies (3.3.2) if and only if
Elx=T;% Xe{L,R} (3.3.4)

Thus, we have to confirm that I'; x is always nonsingular.

We will have frequent opportunity to exploit the symmetry relations (3.2.32) and (3.2.33) in order to
relate quantities indexed by L to those indexed by R. It will therefore be convenient to denote for any
matrix M by M? the matrix which is obtained by reversing the order of rows and columns of M.

The main result of this section can be formulated as follows.
Theorem 3.4 The matrices I'; x are always nonsingular. Moreover, they have uniformly bounded con-
dition numbers. That is, the matrices I'; 1 are independent of 7,

Ijr=Tg (3.3.5)

while
T;r=T} (3.3.6)

which means (FR)k,m = (I‘L)zj_l(d)_k72j_l(d)_m, k,me Ag.

Proof: By (3.2.28) we have forr:O,...,d—1andk:0,...,ti—1

-1
(d’j,l—d-l—ra $§:Z—J+k)[071] = Z Z ay RISTTN 90[,7, 1 ‘p[,y,,u])[o 1]

v=—L3+1 #_—lz-l-l

(3.3.7)
-1 2’
= Z Z Gyrty /(p(m —v)@(z — p)dz.
v=—lotl p=—iz+1 0
Similarly one obtains for r = d,...,tZ— 1, k= 0,...,(2— 1,
i-1 27
(d’ﬂ dtrs 95 d+k)[ 1T Z ouk | (@ —(—d+r))p(z — p)de
p=—4L3+4+1 0

Since for j > joand —fy + 1 <v<{-—1, —f+1< <p<i-1

7¢(m — v)§(z — p)dz = /oow(m —v)§(z — p)dz

(3.3.5) follows, while (3.3.6) is an immediate consequence of the symmetry relations (3.2.32), (3.2.33).

Thus, it remains to confirm that T’y is nonsingular. Let us consider first the special case d = 1, i.e.,
o(z) = X[o,1)- Here £; =0, £ = 1 and (3.2.28) gives

£—
$ie—1( Z m,0Pj,m Z Pl (3.3.8)
since, by (1.2.9), &m0 = [ &( = 1. Therefore, one has
R
i1
- - _
(d’j,z—l, ¢>j,g_(;+k)[0 _ (d’j,z—l, ¢> I dik )IR = Z amke (5,0-1: Bliyml)
’ m:—22+1
i-1 £4-1 £-1
= Z amyk Z ((p[j,l/]’ (ﬁb,m])m = Z al/,k
m:—ZQ-I-l v=0 v=0
-1
1 Zk+1
_ k k41 E41y _
= - —— 1 - =
z%/mgom v) k_i_lz%((l/—l—) | P
v R v=
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ie.,

“r pE+1 .
(d’j,l—lad’j,l"_d’_l_k)[o’l] = m, k= 0,...,d— 1. (339)
Moreover, since ¢; s = @[; 1, s =4, .. .,Z— 1, we have
i-1 v+1
“r ) .
(d)j’u, ij_J+k)[0 1] = Z Qo k (‘p[j,u]a (p[.77m])ﬂ = Ok = / z dz
, m=—f3+1 v
1 .
= —k+1((V+1)k+1—I/k+l), V:Z,-..,Z—l.
Thus I';, takes for d = 1 the form
22 2 24
Y L £ £
TG TG (= Vi SR (e+1)d—¢¢
I', = 2 3 d
i Po(i-1  Po(i-1yp | #-(im1)f
2 3 d”

Adding the first row to the second one, adding the result to the third row and so on produces the matrix

22 2 2

£ T Bl T
11 (£41)°  (e4+1)° (e+1)¢

2 3 3

5 P P i

£ 7 T T

Dividing the sth row by £+7— 1 and multiplying then the i-th column of the resulting matrix by ¢ finally
produces a Vandermonde matrix which is nonsingular. This confirms the claim for d = 1, any d such
that d + d is even, and any £ satisfying (3.2.10).

Now suppose that d > 2. We will use induction on d. To this end, it will be useful to keep track of the
dependence of the various entities on the parameters d, d, £, £. Therefore, we write

Jl:k(m) = ¢>Jl:k(1: | d, d, 0), Gmyr = Gmy(d,d) = /mrd’d«ﬁ(m — m)de.
R

Rewriting formula (3.4.11) in [DKU] in present terms (see also [DS]) yields the relations

d . ) _'2jd—L1‘P[j,l—l(d—1)](m)’ 5 r=20,
dz j,z—d+r($ |d,d,£) = 2](T¢j,l—d+r—l(d—1)(1i |ld—1,d+1,£—£(d— 1))
—G4-1,r(d, d)a—190[5,0-1(d—1)])5 r=1,...,d-1,
(3.3.10)
while 4 '
%d’j,k =2 (a-19h k—t(d-1)] — =19k 41-(d-1)]) » k=LL+1,... (3.3.11)

These relations are obtained by straightforward calculations with the aid of
Gmr(dyd) — Gme1,r(d, d) = PGm_g(a-1),-1(d— 1,d+ 1), r=0,...,d—1,

which in turn follow from the definition and
d

= 1p(2) = a10(e — &d = 1)) — 1o+ £(d — 1) ~ 1),

(see [DS] for more details). Indicating also the dependence of I'z, on d,d by writing I'n(d, J), let us
assume that I'z(s, ¢) is nonsingular for all s < d and all admissible ¢ such that s + ¢ is even. By (3.2.8)
and the definition of ¢, k, ¢>Jl:k (3.2.28), (3.2.29) and (3.2.22) we have

o0

(¢j,z—d+r,¢~>ig_g+k)[0,l] = (¢j,l—d+r, Z am,k‘ﬁw,m])[o’l] (3.3.12)
m=—4Ls+1

2912953 (s 1 girs (-)k)[o’l] . k=0,...,d— 1.
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Thus I'y, is nonsingular if and only if the ¢;,_44,, » = 0,...,d — 1, induce functionals which are total

over IT;. By (3.3.10) and (3.3.11), we have for any P € IT; and ]3(1:) = ‘({'P(t)dt €z,

d - N
t—dgr, P =— | —¢F -|d,d,£),P
(d’],l d+r )[0,1] (d:l: J,l—d+r( | ) ’Z)’ )[0’1]

2 (d—l‘p[j,l—l(d—l)]a 13) o1’

2&4-1,,(d, d) (d—l‘P[j,l—t(d—l)]a 13)
= [0,1] (3.3.13)

27 (0%, (ayiro1osaon( |4 = 1,d+ 1,0~ £(d 1)), P) o’

27 (d—l‘p[j,l—d+r—l(d—1)] — d—1P[j,f—d+r+1-2(d—1)]» 13) 0.1’

Thus, (¢;,e—dtr, P)[O,l] =0,7=0,...,d— 1, implies in view of (3.3.13) that

~

(d—1¢jyl—l(d—1)_(d—1)+7’ P) [0,1] =0, r=0,... ‘Za

where

¢Jl':l—l(d—1)—(d—1)+r(' |d— 1"2'1' 1,¢— Z(d - 1))’ r=0,...,d-2,

d— ¢',— —1)—(d— r = i
105, -4(d—1)~(d-1)+ { 4P e tdm 1) (1) ] r=d—1,...,d.

By our induction assumption and the previous remark this means that P = 0, and hence P = 0. This
completes the proof. [

Now let B B B
$; = {d’j,k ke A]’} (3.3.14)
where ¢~>j,k are defined for k& € AJX, X € {L, R}, by (3.3.1) with (3.3.4). The above findings can be

summarized as follows.

Corollary 3.5 The following holds:

(i) The collections ®;, <i>j defined by (3.2.34) and (3.3.14) are biorthogonal.

(i) 5 ' '
dimS; =dimS$; = #A; =2d+27 —£(d) -2+ 1 =2 —2({ — d) — £(d) + 1. (3.3.15)

(iii) The basis functions have small support, i.e.,
diam(supp ¢; &), diam(supp ¢~>j,k) ~2. §> 0. (3.3.16)

(w) The bases {®;}, {®;} are uniformly stable.

(v) The projectors

Qv = (v, ij)[o,l]ql'j, Qv = (v, ®5)i0,1®; (3.3.17)

are uniformly bounded.

(vi) The spaces 5']- = S(ij) are nested and ezact of order d.

Proof: (i) follows from (3.3.2), (3.3.4) and Theorem 3.4, while (ii) is an immediate consequence of (i)
and (3.2.17). (iii) results from (3.2.3), (3.2.5) and the definitions (3.2.28), (3.2.29), (3.2.30). Combining
(iii) with the fact that the entries of the matrices E; x are independent of j, (3.3.5) yields

g5kl 1856l S 1, k€ Aj, 5> o (3.3.18)

Thus (iv) follows, in view of (i), (iii) and (3.3.18), from Lemma 2.1 (i). Finally, (v) is a consequence of
(iv) and Remark 2.3 and (vi) follows from Proposition 3.3 and (3.3.1). [
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Although the proof of Theorem 3.4 makes crucial use of the fact that the primal multiresolution is
generated by B-splines it is perhaps worth pointing out that, in principle, the argument can be extended
to other cases as well. For instance, consider a Daubechies scaling function 48 of sufficient regularity and
order d of exactness. There is a canonical way of generating a family of dual pairs 4,8, 4,0 essentially
by differentiation and integration described e.g. in [CF, DKU, Le, Ul]. One could then employ integration
by parts as in the above proof but so that one ends up with a Gramian matrix whose regularity follows
from the linear independence of the involved functions. Since the Daubechies scaling functions lack the
above nice symmetry properties so that both ends of the interval need separate treatment and since the
role of the B-splines as generators will be crucial also later for the construction of biorthogonal wavelets
we will not pursue this issue here any further.

3.4 Direct and Inverse Estimates, Norm Equivalences

Combining Corollary 3.5 with Lemma 2.1 (ii) provides the following results.

Corollary 3.6 One has

Ujugfj ||lv— 1’j||1,2([o,1]) S 27 ||”||Hs([o,1])a v € H°([0,1]), (3.4.1)
where L V—s
4y i = ~j;
s < {d, Vi = §;. (3.4.2)

As mentioned before, the Sobolev regularity of ¢ is proportional to d. It is actually strictly positive as
soon as ¢ € La(IR) [V]. Let

1

yimsup(s:p €HY(B)} =d— L, 7:=sup{s: @€ H ().
The following fact follows from [D3].
Proposition 3.7 The inverse estimate
193112 0,17 < 2°7 loill, o,y > ¥4 € Vi (3.4.3)
holds where —
s < {Zy Vj _ S*j (3.4.4)

Combining Corollaries 3.5 and 3.6 and Proposition 3.7 with Theorem 2.4 provides

Corollary 3.8 Let the Q; be defined by (3.3.17). Then one has (with Q;j,_1 :=0)

3 g2 112 |oll selo,d

2s L . 2 ~ H+([0,1])° 1 &y

( Y- 259 1|(Qy QJ—l)UHLz([O,l])) { H”H(H—s([o s SE (—4,0). (3.4.5)
J=Jo )

3.5 Refinement Matrices

We conclude this section with identifying the refinement matrices corresponding to ®; and <i>j. This will
be of crucial importance later on for the identification of stable bases for the complements (Q,; — Q;_1)5;.
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From Lemma 3.1 and (3.2.39) we infer that ®; satisfies (2.1.3) with

M,

M0 := A, (3.5.1)

Mg
where My, Mg are (d+ £+ £2 — 1) x d blocks of the form
p-(k—ttd+1/2) g, mke{—d,...,0—1}=AF,
(ML) = 2—(k—l+d+1/2)&m,k_l+d, m=4£... 2804+ -1, k¢ A]L, (3.5.2)
BjL,m,k—Hda m:2£+el,...,42—|—2é—2,kEA]I-‘,
and by (3.2.42)
Mg = M3, (3.5.3)

ie.,

(MR)2s—g(d)-m,25 —2(d)—k = ML)mg, m=L—d,...,Lo+20—2, k€ A].
Moreover, A; has the form

1 :
(Aj),. . = 75 Om-2 20+ 0 <m< L+ 2200+ £(d)), ke AS. (3.5.4)

The structure of the refinement matrix 1\7[;-70 corresponding to &); defined in (3.2.35) is completely anal-

ogous and results from replacing £, £, £2,d by £,7,,7,,d, respectively, i.e.,

M7,
L= A, (3.5.5)
Mpy
with the (d + £ + £3 4+ 1) x d blocks
o—(k—it+d+1/2) Serms mke{l—d,. . . I—1}= A]’.‘,
(M) e = { 27 (b=4dt1/2) Qppivgr m=4.., 28+ 8 — 1, k€AY, (3.5.6)
5]-L,m,k_2+(z’ m=20+01,... 0, +20 -2, ke A},
and :
N, = (M'L) (3.5.7)
as well as
- 1 . . " . " -
(Aj)mk = 7 Gom— 2k 20+ 01 <m < by + 20— 20+ 4(d)), ke Al (3.5.8)

To determine now the refinement matrices for the biorthogonalized bases <i>j defined in (3.3.1) we write
the biorthogonalization in the form B o
®; = C] &} (3.5.9)



where

r;t 0 0
C,=| o 1@-2+1-13d) (3.5.10)
0 0 | N

with T'x defined by (3.3.3) and I(") the 7 x r identity matrix. We readily infer now from Remark 2.8 that

M0 = C; /1M C;. (3.5.11)

Keeping (3.5.5) in mind and splitting M/, into two blocks such as

- D v -
L= (K)’ D= 2—(k—l+d+1/2)5k7m, k,me A]L,

with K defined by (3.5.6) one easily confirms from (3.5.5) and (3.5.11) that

M,
M; o = A, (3.5.12)
Mg
where now S—
My = ( IL<1“;1L ) Mg = M, (3.5.13)

and Aj remains the same as in (3.5.8).

4 Biorthogonal Wavelets on [0, 1]

4.1 An Initial Stable Completion

The common strategy for constructing now biorthogonal wavelets for a biorthogonal multiresolution as
above consists of keeping as many translates v; z], i[j,k] of the form (1.2.14) as possible whose support is
sufficiently inside and complementing this set by a certain finite number of additional functions near the
end points [AHJP, CDV, Ma]. These additional functions are, roughly speaking, produced by projecting
every second fine scale generator near the end points. Although this may in principle be a feasible
approach we still feel somewhat uncomfortable with the reasoning in [AHJP], in particular, with regard
to stability of the complement bases. Therefore, we take here a completely different route suggested by
the general development in Section 2.3. As a first step we will construct certain stable complement bases
for the spaces S; corresponding to a stable completion of the refinement matrices of ®; in the sense of
Section 2.3. In a second step these initial complements will be projected into the desired ones employing
again the tools from Section 2.3.

Remark 4.1 We would like to stress that we do not view the following construction of an initial stable
completion merely as an auziliary ingredient of the final derivation of biorthogonal wavelets. In fact, the
corresponding initial complement bases are interesting in their own right since their elements have small
or even minimal support. For instance, in the case d = 2 the interior complement functions correspond
to the hierarchical bases from [Y]. Therefore, it may not be surprising that the subsequent projection into
biorthogonal bases in Theorem 4.7 below seems to produce automatically interior wavelets which agree

with those derived by [CDF].

The construction of the initial stable completion 1\7Ij,1 of Mo in (3.5.1) consists of several steps, each of
which involves different matrices which are described most conveniently in a schematic block form. All
these matrices will depend only weakly on the scale 7 which means that the entries of the various blocks
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remain the same and only the size of the central blocks depends on j. To describe the size of the involved
blocks accurately it will be convenient to abbreviate

p=p(j) = #A]=2" —20—4(d)+1,
g=q(j) = 2p+d-1=2""" 4 20d)+d+1
and keep in mind that (3.2.3) ¢; = — L%J, £y = {%]

In these terms the interior block A; in (3.5.1) is a ¢ X p matrix of the form

ag, 0 0
Q41 0
Gy 42 Ay,
1 Ay, Qy,—2
A]- = ﬁ 0 ag,_1 0 (4.1.1)
0 GLZ all
Gy, Qgy-2
0 ag
0 ay,

where a = {a,k}f:l1 is the mask of ¢ = 40 (3.2.4).

The core ingredient of our construction is a factorization of A; and later of M; o which is inspired by
similar considerations for the biinfinite case in [DM1]. Employing suitable Gauss-type eliminations we
will successively reduce upper and lower bands from A;. Suppose that after i steps the resulting matrix

Agi) has the form

0 0 0
: } 5]
0 0
(2)
L+[ 4] 0
(2)
Tt $]+2 0
(2)
RS
7 0
AW : : , AP = Ay (4.1.2)
(2)
a
lz—L%J
0
(2)
a
lz—L%J
0
514
0 0
Defining
20
L Cuefs] ! 0
) )]
U;yq = AR I y Lijgq = PR , (4.1.3)
w514 sl
0 1 Lo — %J—1
and setting
HP Y = diag (1679, Ugi_y, ., Uzig, 1€479)) € R
p
(4.1.4)

H®) .= diag (I(d—i), Lai, ..., Lai, I(i—l)) c RI¥9
Nk

P
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one easily confirms that indeed

(3) _ gg(&) A (-1)
A =H'AT, (4.1.5)
provided that HY is well-defined, which means that a(i_l)i_l , a(i_l)i_l have to be different from
J L+ ]+ | -1

(i-1) 1 ) .
1+|—‘%-| £2— |_I;
generally, the following holds.

zero whenever a

| are different from zero. For ¢ = 1 this is clearly the case. More

Remark 4.2 One has

(%) (%)
alﬁf%]""’“b—L%J # 0. (4.1.6)

Proof: This assertion has been essentially established in [DM1]. In fact, A; is well-known to be totally
positive. Moreover, as pointed out in [DM1] the above eliminations preserve total positivity while by the
results in [J, Mg] the extreme entries in (4.1.6) as certain minors of A; are strictly positive. Again by

)

total positivity of Ag-i all the entries in between have to be strictly positive. [

Hence, Hy) is well-defined for ¢ = 1,...,d, and Ag-d) has the form

0 0
Do }Zz = [4]
0 0
b 0
0 0
(9
Aj 0 b , (4.1.7)
0
b
0
6= 1514
0
where (@ @ _ ()
b:= all+|—%—| = g0y, = Oy #0. (4.1.8)
Obviously, Agd) has full rank p and
0 - 0 bt 0 o0 0
0 -~~~ 0 0 0 bt o0
N—_———
ne
B, := ' (4.1.9)
[4)=-4
—N——
1 0 ... 0
satisfies
B;AlY = 10). (4.1.10)
Similarly, defining
0 0
}42 -1
0 0
1 0
0 0
F,=10 1 € R (4.1.11)
0

1

0
—414—1{5
0
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essentially by shifting up each row of B;‘-F by one, we have

B,F; =0.

(4.1.12)

After these preparations we have to pad the matrices Agd), B;, F; according to (3.5.1) to form matrices

of the right size. The corresponding expanded versions will be denoted by Ag-d)

this end, let

o

L4214

1(4) 0 0
0
Ald)
0 {B’r 0
0
0 (&)
N——

p:2j—2l—l(d)+l

In fact, recalling (3.2.17) and noting that

d+L+4b =L+l =4—0+¢d)+d,

}q:2i+1—4e—2e(d)+d+1 .

Y2— 25+ £(d)

}d

one readily confirms that Agd), ]§;f are (#Aj41) X (#A,) matrices.

Note that always

end, consider

|

>
.
i

o

In fact,

#Dj1 — 05 =2
is valid independent of Z, Z, d, d. Thus, a completion of Ag-d) has to be a (#A,411) X 27 matrix. To this

T(e+4(d)-1)

10

ba

2d+ L+ 48(d)—1+L—Ly+1+0+q =

while

£44(d)—1+p+L=20—144£d)+27 —2£—£(d) +1

so that ﬁ’j is indeed a (#A;4+1) x 27 matrix.

27

b

=27,

, ]§j, F;, respectively. To

(4.1.13)

(4.1.14)

2d+2£4+£(d) —d+ 27T — 40 —20(d) +d + 1
2d — 20— £(d) + 1+ 271 = #A; 4



Lemma 4.3 The following relations hold:
B;Al = 16#25) BTE; = 1), (4.1.15)

and

B;F; =0, FTA!Y -o. (4.1.16)

Proof: The relations in (4.1.15) follow from (4.1.10), (4.1.13) and (4.1.14). Next note that the lower
right identity block in (4.1.14) is positioned to miss the lower right nonzero entry b in Ag-d) as well as

the lower right identity block I(%) in Ag-d) so that the relations (4.1.16) follow from (4.1.11), (4.1.12) and
(4.1.13). .

The factorization of A; induced by (4.1.5) is easily carried over to a factorization of Aj which is defined
by (4.1.13) with Ag-d) replaced by A; given by (4.1.1). In fact, let

1) . g £4+4; (3) (e+22
A = diag (I(+ ), B, 1¢+ )) (4.1.17)

denote the corresponding expansions of the elimination matrices H§Z) One easily checks that the above
block structure leads to the following relations.

Lemma 4.4 The matric Aj can be factorized as

A; =1H;1A¢ (4.1.18)
where . .
-1 _ (N ()
= (A0) - (A09) (4.1.19)
and
A (o7 -1 . .
(AFD) 7 = diag (1+6+0, UL, UL, 14D,
P
(4.1.20)
~(20)) "t . atd—i - - atie
(H§ )) — diag (I(‘“ +d-i) ol Lol T 1)).
N ———
P
As in the biinfinite case one has
Remark 4.5 The matriz I:I]_1 is d-banded.
Proof: This follows directly from (4.1.19), (4.1.20) and the fact that due to
No)
4] 4] 1 0
_ RO - o
Ui-l—ll = a+[£]+ | Li-l-ll = -] 3 )
o) 1
0 1 Lo — %J—1
oy —1
the factors (Hgl)) are still block diagonal with 2 x 2 blocks. [
The relevance of the factorization (4.1.18) relies on the observation that
n ~q A (d
Mo = P;jA; = P,A; 1Al (4.1.21)
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where

M,

P, = [(#48541-2d) € RHFA+1)X(#A8541) (4.1.22)

Mg

We are now in a position to state the main result of this section.

Proposition 4.6 The matrices § o
Mj,1 := P;H; 'F; (4.1.23)

are uniformly stable completions of the refinement matrices Mo (3.5.1) for the bases ®;. Moreover, the
inverse

of Mj = (Mj,o,Mj,l) 18 given by

- A A 1

Gj1=FTH,;P; . (4.1.24)

Proof: By Lemma 4.3, Lemma 4.4 and (4.1.15), (4.1.21), we have

Gj,OMj,O = ﬁjﬂjP]-_lijj = ﬁ]I:I]I:I]—lA‘gd) = ﬂ]Agd) = I(#Aj) (4.1.25)
and _
Gj,lM]’,l = F;‘-FF]- =1(¥")
while similarly by (4.1.23), (4.1.16),

A A

GjoM;1 = B;F; =0, G;iM;0=FTAIY 0. (4.1.26)
This shows that

G;M; = I(#45+1),

Next note that P]-_1 has a similar block structure as P; with the size of the upper left and lower right
blocks independent of j. Thus, the only dependence of P; and P]-_1 on j lies in the size of the central
identity block. A completely analogous statement is obviously true for all the other involved matrices in
that all the upper left and lower right blocks are independent of ;7 while the entries of the central blocks

are also stationary and only their size depends on j. Thus, by Remark 4.5 1\7Ij and Gj are both uniformly
banded with entries independent of 7 in the above sense. Hence one trivially has that

where ||-|| denotes the spectral norm. The claimed uniform stability of the completions is therefore an
immediate consequence of Proposition 2.5. [

4.2 Biorthogonal Wavelet Bases

It merely remains to put all the collected ingredients together to formulate the following main result of
this paper.

Theorem 4.7 Adhering to the above notation for Mj, 1\~/Ij,0, 1\7Ij,1 defined by (3.5.1), (3.5.12) and
(4.1.23), respectively, let

M;1:= (I(#Aj+1) — Mj,01\7I;‘-’:0) 1\7[j,1. (4.2.1)
Then the following statements hold:
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(i) The Mj 1 are uniformly stable completions of the M, o. The inverse G; of M; = (Mj,0, Mj,1) s
given by
m7T
G, = ( . J7°),
Gj1
where Gj,l is defined by (4.1.24) and M; and G, are uniformly banded.

(ii) Setting

T T T AT
\I’] = ¢j+1Mj71’ \I’ = ¢]+1Gj,1 (4.2.2)
and - -
vi=3,u ]y, Fi=9¢, U (4.2.3)
Jj=Jo Jj=J
then U, ¥ are biorthogonal Riesz bases for Ly([0,1]), i.e., for ¥, _1 := &;, \ilju_l = <i>j0
(‘I’j, ‘I’j’)[o,l] =817, 4§ > jo— 1, (4.2.4)
and B '
diam(supp ¥;,x), diam(supp ¥, %) ~ 277, j > jo. (4.2.5)

(#i) Let 5 :=sup{s >0 : ¢ =, 6 € H°(IR)} then

S e (Iblaonys  s€0,d)
(3 fsdsdanl + 55 S wdamronf?) "~ e 0

KEAs, e Ol (zr-+ 0,17+ -

Proof: (i) and part of (ii) are immediate consequences of Proposition 2.6 and Proposition 4.6 as well
as the fact that the columns in M, ¢ have uniformly bounded lengths. The Riesz basis property and (iii)
follow from Corollary 3.8 and the uniform stability of the ¥, asserted by (i). [

5 Computational Issues and Example

5.1 Some Ingredients of the Construction

In this section we wish to complement the above theoretical developements by some comments on the
concrete computation of its ingredients which are

(i) The coefficients o r, Gm,r (3.2.19) and ﬂf:m’r, ,éf:mﬂ (3.2.24);
(ii) the matrices Ez (3.3.3), (3.3.4);
(iil) the matrices My, M}, My, (3.5.2), (3.5.6), (3.5.13).
All these quantities have been shown to be independent of j. Moreover, by symmetry, the corresponding

right end counter parts Eg, I'g, Mg and Mg are simply obtained by reversing the order of rows and
columns, i.e., by forming e.g. Eg = E%, so that it sufficies to determine the left end quantities.

A glance at the formulae quoted above reveals that the coefficients a;, r, &m, serve as main building
blocks in every of the quantities in (ii) and (iii). We will therefore describe first the ezact (up to round
off) computation of the oy r, Gm,r.
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Ad (i): It immediately follows from (3.1.9) and the normalization

/ o(z)dz = / G(z)dz = 1

R R

that
Qm,0 = 8@mo =1, mEeEZZ, (5.1.1)

as well as
-

r .
Uy = ) (Z) miagr_i, r=1,...,d—1, (5.1.2)

2=0
and analogously for &, ,. The coefficients ag;, o, in turn, can be determined with the aid of the
following familiar recursion (see e.g. [DM2, SP])

2

r—1
qor = (@ =2y aw Y ([)Fan, r=Lido, (5.1.3)
s=0

k=4,
and analogously for &q,, 7 =1,...,d — 1. In fact, (5.1.3) holds for all »r € IN.

Consequently, 3 can be computed exactly from (3.2.24) and (5.1.1)-(5.1.3).

]mT’IB]mT

Ad (ii): Recall from (3.3.7) that forr =0,...,d—1and £ =0,. c,d—1

-1 2
(d’y,t dr s ¢] i d+k) Z Z Gy rQyk /(p(m —v)@(z — p)dz (5.1.4)
v=—tatlu=—l>+1 0
whileforr:d,...,tZ—l and k:O,...,tZ—l
5 i-1 2
(¢j,l_d+r, ¢’ﬁ2—d”+k)[o,1] - Z au / oz — (£ —d+7))g(z — u)de. (5.1.5)
p=—4£2+1 0
Thus, it remains to compute the expressions
27 o]
Iy, p) := /(p(m —v)¢(z — p)dz = /(p(m —v)¢(z — p)dz,
0 0

for —l; +1<wv<f—1, -4, +1<p<Ff—1 where we have used again that for j > jo the integrals do
not depend on the upper limit 27 in the given range of v and p. First note that by (3.2.8),

Iy, p) =6, 4, (5.1.6)
for B B
u:—Zl,...,Z—l, M:—42+1,...,Z—1,

and

v=—ly+1,...,8—1, p=—by,... 0—1.

Consequently, it suffices to consider I(v, u) for the remaining range —f,+1 < v < —{, —fy+1 <wp< 4.
To this end, note that in view of (3.2.3)

+45—
o) = 3 / Xss(@)p(e — v)§(e — p)de

2=0

-1

- [ xa@ete ~ (v~ )tz - (u - )da (5.1.7)

A
+
=
N

1=

0
= Z z(s, s+ p—v),

s=—4>+1
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where

z(s,t) := /X[o,l)(m)cp(m — 5)¢(z — t)de.

The quantities z(s,t), in turn, can be computed (up to round off) precisely as solution coefficients of
an eigenvector/moment problem [DM2]. A documentation of the corresponding software is given in

[BKU, K2].
By (3.3.4) it remains to invert the matrix I'z, e.g. with the aid of a QR factorization.

Ad (iii): Assembling the matrices My, 1\~/I'L, M, requires only the information collected under (i) and

(ii).

It is also clear from the construction that the final stable completions (4.2.1) leading to the biorthogonal
wavelets (4.2.2) have to be computed only once for some fixed j (e.g. 7 = jo). The corresponding
quantities for arbitrary j > jo are then simply obtained by properly stretching the stationary interior
blocks as indicated in (3.5.1), (3.5.12), (4.1.23), (4.1.24) and (4.2.1).

Remark 5.1 In some applications it might be important to start the multilevel decomposition with a
very coarse wnitial level j < jo. One should keep in mind that the concept of biorthogonality is primarily
asymptotic in nature. For instance, it affects the validity of norm equivalences as well as moment condi-
tions which become relevant when j gets large. Thus, for finitely many low levels one could always resort
to stmple decompositions of the primal spline spaces only. For ezample, hierarchical bases [Y] would
provide simple splittings for levels j < jo in the case d = 2. Practical realizations will be taken up in a
forthcoming paper.

Remark 5.2 One should keep in mind that in (4.2.2) the wavelets are written in terms of the generator
bases on the interval. Their representation as linear combinations of scaled translates of the scaling
functions ¢, ¢ from Section 3.2 restricted to the interval can be derived from this representation in a
straightforward manner. Ezplicit formulae will be provided in a forthcoming report.

5.2 Basis Transformations

A first implementation of the above results revealed the following problems:

(a) Although Theorem 3.4 establishes that I'x is nonsingular the example in the following section shows
that cond(I'x) > 1. Consequently, by (3.5.11) and (4.2.1) the entries of the mask matrices M; o,
M; 1 loose relative accuracy.

(b) The plots of the example in the next section indicate that the Riesz constants of ®;, <i>j, although
uniformly bounded, are considerably large.

However, one should note that once a pair of biorthogonal generator bases &;, &)j has been determined
corresponding modifications are conveniently facilitated with the aid of the mechanism from Section 2.4.

We propose the following strategy. Since the monomial bases are increasingly ill-conditioned, one expects
that the collections <I>X = {¢>X ke AX}, X € {L, R}, and their dual analogs <I>X of boundary functions
from (3.2. 34) (3 2. 35) 1nher1t thls property. This suggests starting from well- condltloned polynomial bases

P ={p}t, P = {p:}ol of I and II1;, respectively, given by

d—1 d—1
pi(z) = zizt,  pi(z)=) Fiz', ze€[0,1]. (5.2.1)
r=0 r=0

Defining Z1, = (zri)ri=o0,...,d-1, LR = Z%, and correspondingly 7. = (%) i1 Zr = Z%, we

make the following ansatz for the new collections of boundary generators

7,4=0,...,

Xn _ zX.n _ g o4
" =Zx B, ;" =7Zx ®f, X e{L,R} (5.2.2)
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The new generators have yet to be biorthogonalized. It is easy to see that the matrix I'x from (3.3.3) has
to be replaced by ZxT'x Z%. Hence, the matrix Ex which defines the biorthogonalized dual generators
in (3.3.1) is now determined by the relation

ZxTxZ% EL =1, X e {L,R}. (5.2.3)

For good choices of P, P one expects this to alleviate problem (a) and (b).
Two possibilities for P, P suggest themselves:

e Orthonormal polynomials have optimal Ly condition numbers.

e Bernstein polynomials are known from Computer Aided Geometric Design to be well-conditioned
relative to the supremum norm [FR].

Note that the biorthogonalization as formulated above affects only the dual generators. Thus, employing
Bernstein generators preserves homogeneous boundary conditions of all but one boundary generator on
the primal side.

Alternatively, one can combine the change of basis with biorthogonalization along the following lines.
Consider for ®;, & given in (3.2.34), (3.2.35) the ansatz

o7 = C; 9y, o7 = Cj<I>;-, (5.2.4)
where
CL 0 0 CL 0 0
C,=| 0 1@-241-4@)) o | C;=| 0 -4 g |, (5.2.5)
0 0 Cr 0 0 Cr
Here C1, Cr, Cr, Cr have to be chosen such that @7, <i>? are biorthogonal,
(87, 7)o, =1 (5.2.6)

which is equivalent to (5.2.9) below. Again, one could base the choice of Cx, Cx on transformations Zx,
Zx from (5.2.2). Instead, we mention here the following simple version which mainly addresses problem
(a). Let

r,=Uxzv7? (5.2.7)

be the singular value decomposition of 'z, given in (3.3.4), that is, ¥ is a diagonal and U, V are orthogonal
matrices. Defining

CL = A—1/2UT c BJX(Z, Cg = C%,
o (5.2.8)
CL = A—1/2vT c ded, Cr= C%,
implies B
C.T.CT =1 (5.2.9)

which, in turn, confirms (5.2.6). The mask matrices of the primal and dual generators (5.2.4) and
corresponding wavelets for the transformations (5.2.4) are then constructed as follows:

(i) compute M; o from (3.5.1) and the initial stable completion 1\7Ij,1 and inverse Gj as in (4.1.23),

(4.1.24);
(ii) apply the basis transformation C; from (5.2.5) to 1\7Ij = (M0, 1\7Ij,1) and Gj described in Remark
2.8;
(iii) compute according to (2.4.3) 5 5 o
M0 := C; i M} (C; 7 (5.2.10)

with C; given in (5.2.5) and 1\7[;-70 from (3.5.5);

(iv) apply Theorem 4.7 to obtain the final biorthogonal system.
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Note for comparison that the situation in Section 3.5 corresponds to C; = I and éj from (3.5.10).
Obviously, there are many more possibilities of constructing Cr,, Cx satisfying (5.2.9) that take additional
issues into account, such as preservation of boundary conditions or Riesz constants of the wavelets.

A detailed discussion of all these issues would go beyond the scope of the present paper. It will therefore
be deferred to a forthcoming study which will also contain an extensive list of examples along with
corresponding listings of filters and illustrations.

5.3 Exampled=3,d=5
The example of biorthogonal bases for d = 3, d=51is computed with respect to
j = jo=>5. (5.3.1)

First we list a table of the parameters j, d, J, £y, 4, 21, 472, 4d), ¢, Z, #A;, #A;11 and the mask coeflicients
a,a [CDF] which are scaled here such that they sum to 2. The first realization follows exactly the
derivation in the paper and computes the filter coefficients as derived in Sections 3 and 4. This corresponds

to the case C; =1, C; from (3.5.10).

We display the data and plots in the following order:

(i) the nonzero pattern of the refinement matrices Mj,o,Mj,o,Mj,l and G;":l from (3.5.1), (3.5.12),
(4.2.1), (4.2.2), respectively;

(ii) the stationary matrices My, 1\~/I£, from (3.5.2), (3.5.13), respectively, and the corresponding ones for
the wavelets denoted by Wy, Wy. Here (C)..],_, always means that columns i until k of C are

displayed. Due to the lack of symmetry the matrices Wg, Wx are also displayed;

(iii) the nonzero entries of one column of the interior parts A;, Aj given in (3.5.4) and (3.5.8) which will
be denoted by [A;],[A;], and the nonzero entries of one corresponding column from the interior of
the refinement matrices of the wavelets denoted by [W], [W;];

(iv) plots of the primal generators ¢, for k € A]l-’ and k = £ (as representative for the interior ones)
defined in (3.2.34). Recall that the functions at the right end of the interval follow by symmetry
(3.2.32);

(v) plots of the dual generators ¢~>j,k for k € A]L, before and after biorthogonalization given in (3.2.35)
and (3.3.1), and ¢~>j,k for k = £ as representative for the interior ones defined in (3.2.18),

(vi) plots of the primal and dual wavelets v, &, ij,k defined in (4.2.2). We plot all the boundary adapted
functions at the left boundary plus the first interior one and all the boundary near right functions.
Note that for d and d odd, the primal and dual wavelets at the left and right boundary ends cannot
be reproduced by symmetry arguments due to the form of the core matrix f‘j in (4.1.14).

The second version refers to the above example for changing the generator bases (5.2.4). The items (iii),
(vi) are as above and the remaining ones are exchanged by

(i’) the nonzero pattern of the refinement matrices Mj,o,Mj,o,Mj,l and G;":l from (3.5.1), (5.2.10),
(4.2.1), (4.2.2);

(ii’) the stationary matrix My from (3.5.2) and the upper left block from 1\~/Ij,0 given in (5.2.10) which
will also be denoted by My, and the corresponding ones for the wavelets, W, Wi, Wg, Wg.

(iv’) plots of the primal generators ¢; ; before and after biorthogonalization for k € A]L from (5.2.4);

(v’) plots of the dual generators ¢~>j,k before and after biorthogonalization for k € A]L from (5.2.4).

Note that, as expected, the primal and dual wavelets remain the same under the change of generator
bases. Moreover, the primal and dual wavelets corresponding to the interior stationary part seem to
coincide with those constructed in [CDF].
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Before finally listing the data and plots, we conclude by mentioning that all computations have been
made in C++ with double precision and plots generated by using MATLAB.

7=

d:3 le—l Zz: 424
J {1 =-5 22: Z:G
Ud)=1|#As =28 #As=860

ap — ap —

al[-1]= 2.500000000000e-01 at[-5]=-1.953125000000e-02
al[ 0]= 7.500000000000e-01 at[-4]= 5.859375000000e-02
al[ 1]= 7.500000000000e-01 at[-3]= 7.421875000000e-02
al[ 2]= 2.500000000000e-01 at[-2]=-3.789062500000e-01

at[-1]1=-1.015625000000e-01
at[ 0]= 1.367187500000e+00
at[ 1]= 1.367187500000e+00
at[ 2]=-1.015625000000e-01
at[ 3]=-3.789062500000e-01
at[ 4]= 7.421875000000e-02
at[ 5]= 5.859375000000e-02
at[ 6]=-1.953125000000e-02
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First Realization: The Case C; = I, C; from (3.5.10)

20 o E

40 S 1

60k i

L L L L L L L L L L L L
0o 5 10 15 20 25 30 0o 5 10 15 20 25 30
nz =132 nz =372

Figure 5.3.1: Nonzero pattern of refinement matrices M5 o, 1\7[5,0
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nz =132

Figure 5.3.2: Nonzero pattern of refinement matrices Ms 1, (';Q{l

.071067811865475e-01

0

0
.071067811865475e-01
.071067811865475e-01
.071067811865475e-01
.303300858899106e-01
.767766952966369e-01

0

.535533905932737e-01

0
.590990257669732e+00
.944543648263005e+00
.298097038856280e+00
.856155300614687e+00
.187184335382290e-01

0
0

.767766952966369e-01
.535533905932737e+00
.303300858899106e+00
.424621202458749e+00
.363961030678928e+00
.121320343559642e+00

1.767766952966369e-01
5.303300858899106e-01
5.303300858899106e-01
1.767766952966369e-01

(ML)coll—s =

1

.464195068483706e+00
-1.066710564626374e-01
-2.730568596993177e+00
-1.744091502703539e-01
-3.761765986223176e-02

4

.381067932004976e-02
.143203796014926e-02
.248058141618906e-02
.879271788089653e-01
.181553246425873e-02
.667475524034830e-01
.667475524034830e-01
.181553246425873e-02
.879271788089653e-01
.248058141618906e-02
.143203796014926e-02
.381067932004976e-02

7.279261453870778e-02
4.253770027747176e+00
1.367065594278123e+01
4.064623849190092e-01
1.487795358588295e-02

37

-1.

914543858304005e-01

-1.408332951705722e+00

-4.
-8.
4.

189177028711525e+00
080312618538944e-02
834320402381143e-02



7.181553246426509e-02
1.244276441597032e-01

.236384624842302e-02
.143573673802357e-02
.971104799632144e-03
.945908377147589e-03
.315302792386230e-03

.453565828916364e-01
.403590245816694e-01
.597159313765296e-02
.422641304253075e-02
.023499395880890e-02
.257053668723529e-02
.190178895743024e-03

.2268151706933065e-01
.377640434863369e-01
.360966768574229e-03
.025025555082884e-02
.069623471882894e-03
.015519425702109e-03
.005173141900407e-03

2.869602962004055e-01

[y

.003627628636403e+00

2.134154835569323e+00

.105969775732293e-01
.776589281996133e-01
.242272170675189e-01

1.200677583957113e-01
9.418880313727929e-01

.243494677892521e-01
.192600638942736e-02
.631536139127917e-01
.088939311746454e-02
.143203796014205e-02
.381067932004987e-02

.643454266760350e-02
.924798000629059e-01
.730091347550064e-01
.744753501675202e-02

5.182829860282134e-02

.240142632820795e-02

1.400394830178797e-02

.629827140261618e-01
.327143289657755e-02
.647584924664194e-01
.657812074947856e-01
.149341749469484e-02
.879271788089644e-01
.248058141618883e-02

4.143203796014937e-02

.381067932004970e-02

1.233258928571509e-01

.437061543367440e-01

1.428410961669029e-02
7.623303906756084e-01

.385346674942326e-01
.108315064306934e-01
.105063066893372e-01

6.244093172983536e-02
1.032982947643334e-01

.206578241415677e-02
.516285532069865e-02
.387618440232881e-03

.659970238095308e-02
.260150935378273e-03
.545951847380462e-03
.679900137758584e-01
.412903168149587e-01
.665212562889851e-01
.662366543839840e-01

4.214412252996222e-02

[y

.380888478903474e-01

2.159752169717165e-02

.748610604956218e-02
.162035349854061e-03

.078125000000448e-02
.874665178571768e—-02
.168723316149419e-02
.416598019415880e-02
.242916600233830e-01
.022081938244044e-01
.414459325396826e-01
.525403911564361e-02

6.368914753401658e-02

.538362740929804e-02
.576849489795922e-03
.192283163265308e-03

(W)

cola—6 —

.798363095239284e-02
.203350871598687e-01
.435347233821682e-02
.354518549732038e-02
.567448217196200e-01
.286514026183532e-01
.678212986583412e-01
.673267178895366e-01
.615111632450162e-02
.865189664655394e-02
.985308855685083e-03
.848647048104972e-03

.058531746032317e-02
.092935090703000e-02
.639800037905386e-03
.419923913679588e-02
.966788860881976e—-02
.841613815665436e-02
.766172209624419e-02
.485656921498761e-01
.750727175790939e-01
.658684042399914e-02
.304816569484945e-01

2.613277453838705e-02

38

.480158730168539e-03
.950538548771709e-03
.452476840592478e-04
.607688941880802e-03

9.109627233701569e-03

.650206089364083e-02
.837203168318044e-02
.255126504967623e-01
.595260028613609e-02
.560237206655148e-01
.561847060252636e-01
.400601311953232e-02



.324218749999997e-03
.441406250000000e-03

-1.
-6.

953125000000000e-02
510416666666665e-03
0
0

1.
2.
-1.
-6.

263020833333333e-01
473958333333333e-02
953125000000000e-02
510416666666665e-03

6.510416666666617e-03

.953124999999999e-02
.473958333333332e-02
.263020833333333e-01
.385416666666671e—02
.557291666666668e—-01
.557291666666665e—-01
.385416666666664e-02
.263020833333333e-01
.473958333333333e-02
.953125000000000e-02
.510416666666665e-03

(WR)c0127— 29 —

6.510416666666665e-03

.953125000000001e-02
.473958333333332e-02
.263020833333333e-01
.400601311953458e-02
.561847060252704e-01
.5602372066551165e-01
.595260028614439e-02
.255126504967086e-01
.837203168304741e-02
.650206089379612e-02
.109627233822000e-03
.607688941969410e-03
.452476840607657e-04
.950538548755067e-03
.480158730151896e-03

-3.750000000000000e-01
1.125000000000000e+00
-1.125000000000000e+00
3.750000000000000e-01

0
0

6.510416666666665e-03

.953125000000001e-02
.613277453838641e-02
.304816569484926e-01
.658684042399879e-02
.750727175790878e-01
.485656921499052e-01
.766172209631334e-02
.841613815657325e-02

4.966788860875476e-02

[y

.419923913674576e-02

6.639800037904760e-03

.092935090703859e-02
.058531746032423e-02

O O O O

.302083333333344e-02

3.906250000000031e-02

.766396604938099e-02
.1715856481481065e-01
.870370370373082e-04
.161728395061624e-01
.249399594907542e-01
.558846932870466e-01
.455102237655011e-02
.386079764660564e-02
.172743055555599e-01
.506944444445691e-02

(WR)colso—sz =

.192283163265308e-03
.576849489795922e-03
.538362740929804e-02

6.368914753401658e-02

.525403911564362e-02
.414459325396826e-01
.022081938244044e-01
.242916600233830e-01
.416598019415880e-02
.168723316149419e-02
.874665178571768e—-02
.078125000000448e-02

.162035349854061e-03
.748610604956218e-02

2.159752169717165e-02

[y

.380888478903474e-01

4.214412252996222e-02

.662366543839840e-01
.665212562889850e-01
.412903168149587e-01
.679900137758584e-01
.545951847380462e-03
.260150935378273e-03
.659970238095308e-02

39

.387618440232881e-03
.516285532069865e-02
.206578241415677e-02
.032982947643334e-01

6.244093172983536e-02

.105063066893373e-01
.108315064306935e-01
.385346674942327e-01

7.623303906756084e-01
1.428410961669029e-02

1.437061543367440e-01

1.233258928571509e-01



(WL)C011—3 =
-1.000000000000000e+00
-4 ,500000000000000e+00
-2.000000000000000e+01
1.000000000000000e+00

-1.000000000000000e+00
-5.500000000000000e+00
-3.000000000000000e+01
0
1.000000000000000e+00

-1.000000000000000e+00
-6.500000000000000e+00
-4.200000000000000e+01
0

0
1.000000000000000e+00

-6.666666666666665e-01
-4.666666666666667e+00
-3.200000000000000e+01
0

0

0
1.000000000000000e+00
-3.333333333333333e-01

-3.750000000000000e-01
1.125000000000000e+00
0

0

0
-3.600000000000000e+01
-5.250000000000000e+00
-7.500000000000000e-01

(WR)colso—sz =

1.000000000000000e+00
0

0
-4.200000000000000e+01
-6.500000000000000e+00
-1.000000000000000e+00

-2.500000000000000e-01
-1.750000000000000e+00
-1.200000000000000e+01
0

0

0

0
1.000000000000000e+00
-1.125000000000000e+00
3.750000000000000e-01

0
1.000000000000000e+00
0
-3.000000000000000e+01
-5.500000000000000e+00
-1.000000000000000e+00

0

0
1.000000000000000e+00
-2.000000000000000e+01
-4.500000000000000e+00
-1.000000000000000e+00
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Figure 5.3.7: Primal wavelets 45 5 at left and right boundary
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Second Realization: The Case C;, C; from (5.2.5)
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Figure 5.3.10: Nonzero pattern of refinement matrices Ms o, 1\7[5,0
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Figure 5.3.16: Primal wavelets 15 5 at left and right boundary
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Figure 5.3.17: Primal wavelets 15 5 at left and right boundary
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Figure 5.3.18: Dual wavelets 1;5,;; at left and right boundary
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