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Abstract

Geronimo, Hardin, et al have previously constructed orthogonal and biorthogonal
scaling vectors by extending a spline scaling vector with functions supported on [0, 1].
Many of these constructions occurred before the concept of balanced scaling vectors
was introduced. This paper will show that adding functions on [0, 1] is insufficient
for extending spline scaling vectors to scaling vectors that are both orthogonal and
balanced. We are able, however, to use this technique to extend spline scaling vectors
to balanced, biorthogonal scaling vectors, and we provide two large classes of this
type of scaling vector, with approximation order two and three, respectively, with two
specific constructions with desirable properties in each case. The constructions will use
macroelements supported on [0, 1], some of which will be fractal functions.

AMS Subject Classification Numbers: 42C40, 65D15
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1 Introduction

Geronimo, Hardin, and Massopust first extended a piecewise polynomial scaling function,
the linear B-spline, to an orthogonal scaling vector (commonly referred to as the GHM scal-
ing vector) in [7] by adding a function supported on [0,1] (hence, automatically orthogonal
to its integer translates) that, when its integer translates were projected out of the origi-
nal function, made the resulting function orthogonal to its integer translates. Since then,
that same basic idea has been used by Hardin and Marasovich in [10] to generalized the
GHM scaling vector to a biorthogonal family of scaling vectors, by Donovan, Geronimo, and
Hardin in [5] to create higher-approximation-order orthogonal scaling vectors, and by the
author in [15] to extend the scaling vector of length 2 generating the spline space Si(Z) to
a differentiable, orthogonal scaling vector of length 4. Hardin and the author recast these
types of constructions in a macroelement setting in [9]. Other researchers, notably Han and
Jiang in [8], have worked on constructing multiwavelets on [0, 1].

Each of the above constructions exploits the general strengths of using multiwavelets,
namely the ability to build symmetric scaling functions of relatively short support, but they
also suffered from the general weakness of multiwavelets, namely that the filters associated
with a general scaling vector of approximation order K do not necessarily preserve discrete-
time polynomial data of degree K — 1. One possible way of dealing with this shortcoming
is to prefilter the raw data. (See [11] for a comprehensive introduction to the concept of
prefiltering.) A more recent approach, initiated by Lebrun and Vetterli in [16, 17] and
studied further by Chui and Jiang in [3, 4], Selesnick in [19, 20], Lian in [18], the author in
[14], and others, is to design scaling vectors whose filters maintain polynomial order without
prefiltering, called balanced multiwavelets.

The purpose of the research presented here is to determine whether the useful trick of
adding functions on [0, 1] can be used to extend spline-based scaling vectors to scaling vectors
that are both orthogonal and balanced up to their approximation order. The macroelement
approach is natural since the functions considered are either supported completely on [0, 1]
or piecewise polynomial on integer knots. Following a brief introduction of notation and
terminology in Section 1, we shall show in Section 2 that the two conditions can not be
met simultaneously using this type of construction. We can, however, use the technique to
design dual biorthogonal scaling vectors where the analysis basis is balanced. Two general
constructions of scaling vectors with symmetry properties and approximation order two
and three, respectively, will be shown in Section 3, with two concrete examples of each
construction provided. The coefficient matrices satisfying the dilation equations for these
scaling vectors will be provided in the appendix (Section 4.)

1.1 Scaling Vectors
A vector ® = (¢1, ¢o, ..., ¢,)T of functions defined on R¥ is said to be refinable if

O =Ny g®(N - —i)

for some integer dilation N > 1, i € Z*, and for some sequence of r x r matrices g;. (The
normalization factor N can be dropped, but is convenient for applications.) A scaling vector



is a refinable vector ® of square-integrable functions where the set of the components of ®
and their integer translates are linearly independent. An orthogonal scaling vector ® is a
scaling vector where the functions ¢q, ..., ¢, are compactly supported and satisfy

<¢i7 (bj( - Tl)> = 5i7j50,n7 Za] € {17 s ,T}, n e Zk?

where the inner product is the standard L?(R*) integral inner product

(f.9) = . f(z)g(z)dx

and ¢ is Kronecker’s delta (1 if indices are equal, 0 otherwise.) Biorthogonal scaling vectors
® and ® have compactly supported components that satisfy

<§Z5Z', QEJ( — n)) = 5Z~,j507n, Z,j - {17 PN ,T‘}, n e Zk

We use the notation P4 f to denote the orthogonal projection of f onto the subspace A with
orthogonal basis {ay,...,a,}, given by

PAf _ i <f7ak> ay.
k=1

<ak7 ak>
A scaling vector @ is said to generate a closed linear space denoted by
S(®) = closyz span {¢;(- —j): i=1,...,r, j € Z}.

Two scaling vectors ® and © are equivalent if S(®) = S(©). The scaling vector © is said
to extend ®, or be an extension of ®, if S(®) C S(O). A scaling vector @ is said to have
approximation order k if

o Zaj(n)q)(x —n)

for some sequence of 1 x r row-vectors {a;(n)} for j =0,...,k — 1. For r > 1, a length-r
scaling vector @ of approximation order k is said to be K-balanced for K < k, or simply
balanced if K = k, if it satisfies the conditions

M, ::/Rxﬂ‘qsl(x)dx:/RG-#)j@(x)dag k=2,...r (1)

for j =0,..., K — 1, with My # 0. Scaling vectors of length 1 are trivially balanced.

Scaling vectors are important because they provide a framework for analyzing functions
in L?(R*). A multiresolution analysis (MRA) of L?*(RF) of multiplicity 7 is a set of closed
linear spaces (V},) such that

1. .- DVLDV4DVeD VDV
2. UpeZ‘/p:Lz(Rk)7

3. mpGZ ‘/P = {0}7



4. feVyiff f(NI) €V}, and

5. there exists a set of functions ¢1, ..., ¢, whose integer translates form a Riesz basis of
Vo.

From the above definitions, it is clear that scaling vectors can be used to generate MRA’s,
with V5 = S(®). Jia and Shen proved in [13] that if the components of a scaling vector
® are compactly-supported, then ® will always generate an MRA. All the scaling vectors
discussed in this paper will consist of compactly-supported functions, and therefore, will
generate MRA’s. A function vector U = (1, ... ,@/JT(Nk,l))T, such that ¥; € V_; for ¢ =
1,...,r(N* —1) (see [12]) and such that S(¥) = V_; — Vj, is called a multiwavelet, and the
individual v; are called wawvelets.

1.2 Macroelements on [0, 1]

We will use the notation f)(x) to denote the jth derivative of f(z), with the convention
fO(z) = f(z). As a convenience, we will use the notation f()(0) and f“)(1) to denote
lim+ fu )(x) and lim fU )(a:), respectively, although the notation is not technically rigorous.
z—0 z—1-

A C* macroelement defined on [0,1] is a vector of the form (I1,..., ki1, 71, Thit,
my, ..., my,)T, where the set of elements are linearly independent, square-integrable functions
supported on [0, 1] with k& continuous derivatives such that

1L 190)=rP1)=0fori=1,... k+1,

7 7

9 m(j>(0) _ m(ﬂ')(l) =0fori=1,...,n, and

% [

3 l(j)(l) _ T(j)(o) = ;01 fori=1,...,k+ 1, where a; # 0

1 (2

for j = 0,...,k. A C* macroelement is orthogonal if (l;,r;) = 0 for i,j = 1,...,k + 1,
and (l;,m;) = (ry,m;) = 0 and (I;;l;) = (ri,r;) = (my,my) = 1Lfori =1,....k+1

and j = 1,...,n. Macroelements A = (I, g1, 71y o ooy Thg1, M, o, my) T and A =
(I, -y g1, 1y oo oy Thgr, M, - . .1y, T are biorthogonal if

L (l;,7) = (li,r) =0 for i, 5 =1,... k+1,

2. (li,m;) = (l;,m;) =0fori=1,....;k+1landj=1,...,n,

3. (ri,m;) = (f;,m;) =0fori=1,....,k+1land j=1,...,n, and

4. (i, 1) = (ry, 7)) = (mj,m;) =1fori=1,....,k+1land j=1,...,n.

A macroelement A is refinable if there are (2k + 2 4+ n) x (2k 4+ 2 + n) matrices py, ...,
pn_1 such that

I
A(x) = VNpA(Nz — i) for a € {%%} ,i=0,...,N—1 (2)

Because of the linear independence of the components of A, the matrix coefficients p; will be
unique if they exist.



The following lemma unites the concepts of C* macroelements and scaling vectors. The
pivotal piece of the proof is that we may use the macroelements to construct scaling vectors
by defining

1 [ li(x+1)forxe[-1,0] .
¢Z<x>_ﬁ{ri(x)for:c€[0,l] ,i=1,...,k, and (3)
Oryi(x) =my(x) for x € [0,1], i =1,...,n. (4)
The scaling vector ® = (¢1, ..., Prin)’ is called the scaling vector associated with A. The

proof originally appeared in [15], but is shown here for completeness.

Lemma 1. A refinable C* macroelement A = (Iy, ... g1, 71, - o Thy1, M1, - .., my) T defined
on [0,1] has an associated scaling vector ® of length k + 1 + n and support [—1,1]. If the
macroelement A is orthogonal, then the scaling vector ® is equivalent to an orthogonal scaling
vector.

Proof. Let A satisfy equation (2) for some unique set of (2k + 2+ n) x (2k + 2 4+ n) matrices
pi, ©=20,..., N —1 of the form

a; by ¢

pi= |di e fi

g si ti
for (k+ 1) x (k 4+ 1) matrices a;, b;, d;, and e;, (k + 1) x n matrices ¢; and f;, n x (k+ 1)
matrices ¢; and s;, and n xn matrices t;, 7 = 0,..., N —1. Note that due the continuity of the
macroelement components, many of the matrices are redundant: b; = a;_1, ¢; = d;_1, and
s; =¢q_1 fori=1,...,N—1. Also, due to the endpoint condition on the C* macroelement,

ay—1 = €g, and several of the matrices are zero: by = dy_1 = O(r41)xk+1) and sop = gn_1 =
0, (k+1)- Then the vector of functions as defined in (3) and (4) satisfy the dilation equation

B(r) = VN Y g@(Nr i)

with

bN—f—i CN+4 . €; fz' .
; = ,t=—N,...,—1, and ¢; = ,1=0,...,N—1.
g {Onx(lwrl) Onxn g S; ti

Hence, @ is refinable, and supported completely in [—1, 1].

If A is orthonormal, then by definition, ® meets the criteria of an orthogonal scaling
vector, except that possibly (¢;,¢;) # 0 for i,5 = 1,...,k+ 1, i # j, and for i,j =
k+2,...,k+1+n,i# j. However, we may replace {¢1, ..., dp1} with an orthonormal set

{él, o >9§’€+1}L and {@ry2, .-, Prr14n} With an orthonormal set {12, .., Prr11n}, S0 that
{b1,- -+, Oks1, Pka2, - - - Gry14n ) is an orthogonal scaling vector. O

The second part of this result is easily extended to the biorthogonal setting.

Lemma 2. [f the refinable C* macroelements A and A are biorthogonal, then the associated
scaling vectors ® and ® are equivalent, respectively, to biorthogonal scaling vectors.

5



Proof. If A is biorthogonal, then by definition, ® and ® meet the criteria for biorthog-
onal scaling vectors, except that possibly <¢Z',Q;j> #+ 0 fori # j, 4,5 = 1,...,k+ 1 and
i,j =k+2,...,k+ 1+ n}. However, we may replace {¢1,...,¢r+1} and {él, o ,gEkH}
with biorthogonal sets {¢7, ..., ¢;,,} and {Qg’{, o ,(5; 11} respectively, using the biorthogo-
nal version of the Gram-Schmidt process. Likewise, we can replace {¢ri2,..., Pri11n} and
{142, ... Prg14n} with biorthogonal sets {¢; o, ..., gbthn} ar~1d {QS;H, . ,gzﬁl";+1+n}, re-

SpeCtiVQIY7 so that {Qﬁ’ R (bltz-l—la QSZ—&-Q? te 7¢z+1+n} and {¢T7 ey (bz-l—la ¢l:+27 ce 7¢Z+1+n} are
biorthogonal scaling vectors. O]

Let span A refer to the span of the elements of A. Two macroelements A and I' are
equivalent if span A = spanT. The macroelement I is said to extend the C* macroelement
A, or be an extension of A, if ' = (AT, MT)T is still linearly independent, where M is a
set of square-integrable functions supported on [0, 1] with k continuous derivatives such that
m@(0) =m (1) =0form € M, j =0,..., k. In this paper, we will extend macroelements
for the purpose of extending scaling vectors, using the following lemma. We use the notation
Xa,p) t0 be the characteristic function defined by

{ 1 for = € [a, b],
Xla,b] =

0 otherwise.

The following lemma with proof was given in [15], but is shown here for completeness.

Lemma 3. Let A be a refinable CP macroelement defined on [0,1], and let ® be the associated
scaling vector as defined in (3) and (4). If T is a C* macroelement extension of A, then the
associated scaling vector © as defined in (3) and (4) is an extension of ®.

Proof. Let A = {ly,..., 1,715y Tha1, M1, ... ,my} and T = {ly, ... 1, 71y oo Tt
My .oy My, My i1, -, Myyy b, where I' is an extension of A. Consider a basis element ¢ €
{i(-—Jj) : ¢y € @i € {1,...,k+n},j € Z} from S(P). If supp¢ C [j,j+2] for some j € Z,
then from the definition of © in (3), ¢(-+j+ 1) € © and ¢ € S(O). If supp¢ C [j,7 + 1]
for some j € Z, then ¢(x + j) € span{my,...,m,} C span{my,...,m,}. From the
definition of © in (4), then ¢ € S(O). O

1.3 Fractal Interpolation Functions

Let Cy([0, 1]) denote the space of continuous functions defined over [0, 1] that are 0 at = = 0, 1,
and recall that the co-norm of a n x n matrix A = (a;;) is given by ||Al| = max Z |ai;]-
Stsn j:1

Let A be a refinable macroelement of length n, and let Il be a function vector of length &
defined by

(z) = VNp;A(Nz — i) for z € [%,



for some k x n matrices p; such that II(z) € Cy([0, 1])¥. Then a vector I of the form
I(z) =I(z) + » s;T(Nz —i) € Co([0,1])",

where each s; is a k x k matrix and max ||s;||.c < 1, is a vector of fractal interpolation
1

functions (FIE’s). (See [1] and [2] for a more detailed introduction to FIF’s.) By definition,
the vector A* = (AT, TT)T is a refinable C° macroelement that extends A.

Consider a C* macroelement A = (Iy,... , lpi1,71, -, The1, M1, - .., my) T defined on [0, 1]
that is not orthogonal. We can not simply apply the Gram-Schmidt process to the com-
ponents of A to obtain an orthonormal macroelement, since the resulting functions will not
satisfy the endpoint criteria. In fact, we can not apply the process to any subset of ele-
ments that includes a [; and r; and still have the same type of macroelement. However,
we can apply the Gram-Schmidt process to the set of functions M = {my,...,m,} to get
M = {my,...,my,}, and then subtract Py, the orthogonal projection onto the space spanned
by M, from each of the other elements, giving the equivalent macroelement

L= (I—Py),....,I = Py)l,(I = Pap)ry,...,(I = Py)ry,my, ... mp)".

If
(I = Pum)li,(I = Py)rjy=0fori,j=1,...,k, (5)

then T' is an orthogonal macroelement. This is the fractal function approach for extending a
macroelement to an orthogonal macroelement: add FIF’s to the set M, hence the macroele-
ment, so that (5) is satisfied. (See [6] for a broader discussion on constructing intertwined
MRA’s.) We may use the same basic approach to construct biorthogonal macroelements.
Example 1. The scaling vector shown in this example was originally constructed by Geron-
imo, Hardin, and Massopust in [7], although not in the macroelement context, and is recon-
structed by Hardin and Kessler in detail using macroelements in [9]. It is widely known as
the GHM scaling vector.

Let

I, = \/gzv)qoﬂ, ry = \/3(1 — x)X[o,1], and gbf(m) = L {

V2

Consider the C° macroelement AS = (I;,7) and the scaling vector ®° = (¢¢) shown on
the left in Figure 1, and note that S(®%) = SY(Z) N L*(R). In order to extend A® to an
orthogonal C° macroelement, we construct an FIF satisfying

L(z+1), z€[-1,0]
m@),  zel. O

u(r) = ¢F (22 — 1) + sou(2x) + syu(2x — 1), max lsi] <1,

that satisfies (5), which reduces to the one condition ((I — P,)l;, (I — P,)r;) = 0. It was
shown in [7] and [9] that the orthogonality condition is satisfied by sy = s; = —1. By letting

Ii=I-P)l, r=I-P,)r, and mj=u,

we have the orthogonal C° macroelement A = (I3, 7}, m})T, that is equivalent to (Iy,71,u)?
and is an extension of A®. The associated scaling vector ® = (¢1, )T, defined in (3) and

7



(4) and normalized, is the orthogonal GHM scaling vector, and is illustrated on the right
in Figure 1. Hardin and Marasovich generalized this construction to biorthogonal duals of
multiplicity-2 in [10], by extending the original scaling vector ®° with two fractal functions
defined on [0, 1].

O2
15
0%
l,
0.5
1 -0.5 0.5 h\y 1
-0.5

Figure 1: The original SY(Z) scaling vector ®° at left, and its extension, the orthogonal
GHM scaling vector ¢ at right.

Example 2. The scaling vector shown in this example was originally constructed by Dono-
van, Geronimo, and Hardin in [5], although not in the macroelement context, and again by
Hardin and Kessler in detail in [9] using a macroelement approach.

Let Iy, r1, and ¢¢ be defined as in (6), and let

2—m1 \/_:L‘(l—ZL‘) 0,1]-

Consider the C° macroelement A° = (ll,rl,ml)T and the associated scaling vector ®° =
(¢, 65)T shown on the left in Figure 2, and note that S(®%) = S(Z) N L?(R). In order to
extend A to an orthogonal C° macroelement, we construct a FIF satisfying

u(r) = ¢5(21) — ¢5 (22 — 1) + su(2z) + su(2x — 1) for |s| < 1,

that satisfies (5), which reduces to the one condition ((I — Py)ly, (I — Py)r1) = 0, where
M = {mq,u}. (Note that (my,u) = 0, since m; and u are symmetric and antisymmetric,
1

respectively, about x = 3.) It was shown in [5] and [9] that the orthogonality condition is

satisfied by s = ‘ﬁ —0.1937. By letting
= — Py, ri=I—Py)r;, mi=my, and mj = u,

we have the orthogonal C° macroelement A = (I}, r}, m}, m3), equivalent to (Iy,71,my,u)”
and an extension of AS. The associated scaling vector ® = (¢, ¢2, ¢3)7, defined in (3) and
(4) and normalized, is an orthogonal scaling vector, and is illustrated in Figure 2.

For an example of a multiplicity-4 C'! orthogonal scaling vector with approximation order
3 built using the same basic technique, see [15].



| qb‘f ? I ®2

/ I 1 I
‘ ‘ NN

-1 -0.5 7 0.5 1-1 h\S/ | \0/]5 1

Figure 2: The original SY(7Z) scaling vector ®° at left, and its extension, the orthogonal
scaling vector ® at right.

2 Main Results

Examples 1 and 2 demonstrate how extending spline scaling vectors with fractal functions
defined on [0, 1] is a powerful tool for creating orthogonal scaling vectors without greatly
increasing the multiplicity of the scaling vector. Our intuition would lead us to think that
with the addition of more fractal functions, hence more free parameters, we should be able
to create an orthogonal scaling vector that is at least 2-balanced. This turns out to be
impossible, but we can use the technique to generate biorthogonal dual scaling vectors with
the analysis basis balanced up to the approximation order of the original scaling vector.
Let [; = \/ga:)qm] and r; = v/3(1 — )Xo, 50 that (ly,l1) = (r1,71) = 1 and (l1,71) = %
Then the normalized piecewise-linear spline ¢° can be defined as
s,y 1 Lhz+1) ifze[-1,0]
o7(x) = E { r1(x) if x € [0,1], (7)

and S({¢°}) = S(Z) N L*(R). Note that 1xj, = 5(h + 1) and xx01 = \/Lgll, and so

(z — 1)X[0,1] = —\/%;7’1-
We will use the following lemma in our proof of the main theorem.

Lemma 4. Let M = {my,...,m,} be an orthonormal set of continuous functions supported
on [0, 1] satisfying my(0) =my(1) =0 for k=1,...,n. If

Ii=0U-=Py)ly, ri=(—Py)ri, and ¢*(z) = { li‘*(é;_ 1) Zi E {0_’117]?]

T

then (z,¢*) = 0.



Proof. Note that

<I,Q§*> = <_T17ZT> +

1 *
ﬁ(lh?"l)
(—<l1,7"1> + <7”1a PMll> + <l1,7“1> - (ll,PMﬁ))

<Z<l17mk><rlymk> - <l1,mk><7'1,mk>)

k=1 k=1

=5l g5l

]

Theorem 1. Let ¢ be the linear B-spline ¢° defined in (7), and let ®5 = {¢S}. Then ®° can
not be extended to a 2-balanced orthogonal scaling vector with continuous functions supported
on [0, 1].

Proof. Let M, I}, r], and ¢* be defined as in the statement of Lemma 4, and let ¢, = ¢* for
fixed integer p, 1 < p < n + 1. Then the orthogonality condition (5) is equivalent to

n

;(ll,mkﬂﬁ,mk) = %7 (8)
and we have
Ipll = \/(Dpr @p) = (|2 = D> (L, mi)® = > (r1,my)?. (9)
k=1 k=1

The 1-balancing conditions from (1) are independent of the order of the functions in the
scaling vector, so that, given (8) and (9),

_ ¢p<x) < (,bp > 1 § .
Mo = dz = e I
0 R ||¢p|| € ||¢p||7]. \/gu(pr (< 1 1+T1>+<7’1, 1—|—7’1>)

- % (2 - Z<l17mk>2 - <T17mk>2>~ (10)

3

k=1 k=1
The remaining 1-balancing conditions are

(1, 1) = % (I, mp) + (ri,mp)) = My for k=1,...,n,

so that
(I, mi) + (ri,mp) = V3My for k=1,... ,n. (11)

Squaring both sides of (11) and adding each case, we have

n

Z<ll’ my)? + Z<T1, my)? + 2 Z<l1’ my)(r1, my) = 3nM. (12)

k=1 k=1 k=1

10



Also, squaring both sides of (10), we have

M = % (2 — Z(ll,mk)Q — Z<T1,mk>2> ;

k=1 k=1

so that

n n

> (hme) + ) (i mg)® =2 — 3M. (13)

k=1 k=1
Substituting (13) and (8) into (12), we have

3nMj =2 —3M; + 1,

or |
M = : 14
- — (14
The order of the functions in the scaling vector can affect the 2-balancing conditions, so
we consider two cases.

Case 1: Let p = 1. The 2-balancing constant M; defined in equation (1) is

Cbl( ) i (z, ¢1(x))
||¢1|| V2 i) — o ()

by Lemma 4. Then the remaining 2-balancing conditions are

M1 :0

k 1 k
/IR<$— n+1) ¢k+1(x)dx— %<l1,mk> —n—HMg—OfOIk‘— 1,...,n

Note that

3k
Iy, my) = nLHMO for k= 1,. (15)

so by substituting this into (11), we can solve for (ry, my):

V3(n —k+1)

n+1

(ry,mg) = My for k=1,...,n. (16)
Substituting (15) and (16) into the orthogonality condition (5) and summing over k =

1,...,n, we get
n

M2
5 Z (n+ 1)k — k) =

n+12
My (n® + 2n) ! and
—2 (n n) = —, an
2(n+ 1) 2
+1
M2 T 17
0 n(n 4+ 2) (17)

Combining (14) and (17) to solve for n, we have

n®+2n+1=n?+2n,

11



which has no solution.
Case 2: Let 1 < p < n+1. Then our scaling vector would have ¢, = my fork=1,...,p—1,
and ¢p1 = my, for k = p, ..., n. The 2-balancing constant M; defined in equation (1) is

1
M, = /qubl(x)dx = (z,mqy) = ﬁ(ll,mﬁ.

_p—l ¢p($) . _p—l d)p __p—l _i
/(x n+1) ”%de_<x n+1’||¢p||>‘ nr 1= gt

by Lemma 4, so that

Then,

1— 1—
MM0 and M, = — L2,

I —
(i, ma) n-+1 n-+1

For k =1,...,p— 1, the 2-balancing conditions are

k-1 k-1 1 E—1 1—p
- de = (& -~ my ) = —={li,my) — =My = —L .
/R(JC n+1>¢k($) € <$ n+1umk> \/§<17mk> nr o= oo

Then, in light of (11), we have

V3(k - V3n—k+p+1
(ll,mk):HMoand (ri,mg) = ( n—l—lp )Mofork:zl,...,p—l.
Summing their products over k =1,...,p — 1, we have
= 302
(l,me) (r,me) = SS(—k +k(n+2p+1) —pln+p+1))
P (n+1)
Mgp(1 —p)(3n + 2p + 2)
. (18)
2(n+1)2
For k = p, ..., n, the 2-balancing conditions are

k k 1 k I—p
/R (az— n—l—l) P (w)de = <a:— n—H’mk> = 5l = n+1M0 B n+1M0'

Then, in light of (11), we have

w

V3k—p+1 V3(n —k+
(I, mg) = (n+pl )MO and (ry, my) = (n+1 p>M0fork:p,...,n.
Summing their products over k = p,...,n, we have

- 3ME )

> (hmi)(rym) = 5 (=K +k(n+2p—1)+ (n+p)(1-p))

P (n+1)

_ MZn—p+1)(n—p+2)(n+2p) (19)
2(n+1)? '

12



Given (18) and (19), the orthogonality condition (8) is equivalent to

MZ(n*+2n+6p(1—p) 1
2(n+1) -2
so that 41
M2 = " (20)

O n242n+6p(l—p)
Combining (14) and (20) to solve for n, we have

n2+2n+1:n2+2n+6p(1_p)7

which is equivalent to 6p?> — 6p + 1 = 0, which has no positive integer roots. O

3 Balanced Biorthogonal Scaling Vectors

While we can not use the insertion of fractal functions on [0, 1] to create 2-balanced or-
thogonal scaling vectors, we can use them to create balanced biorthogonal scaling vectors.
The following section contains a construction for biorthogonal duals that contain the square-
integrable elements of the classic spline space SY, where the analysis scaling vector P is
2-balanced. The last section contains a construction for biorthogonal duals that contain
the square-integrable elements of the spline space Sy, where the analysis scaling vector P is
3-balanced. In each construction, we have some freedom in actually constructing the scaling
vector elements, so different concrete examples will be illustrated. The matrix coefficients of
the dilation equation (hence the analysis and reconstruction filters) are given in the appendix.

3.1 2-Balanced, Approximation Order 2

Hardin and Marasovich generalized the GHM scaling vector to a class of biorthogonal duals
in [10]. This construction is undoubtedly a subclass of their construction. It is presented here
to illustrate the use of macroelements as a tool for extending scaling vectors to biorthogonal
scaling vectors. Also, the concept of balanced scaling vectors had not been introduced at the
time of their paper, so none of the bases they used as illustrations were actually balanced.
We will further restrict our construction to bases that have symmetry properties.

Let [; = \/§:cx[071] and r; = v/3(1 — T)X0,1], 80 that (ly,l1) = (ry,71) = Land (ly,r) = %,
and let ¢° be defined by

_f L(x+1) ifze]-1,0]
¢°(a) = { m@)  ifae 0.1,

Let m; and m; satisfy the inhomogenous dilation equations

my(z) = ¢°(2x — 1) + smy(2x) + smy(22 — 1) and (21)
i (z) = ag®(2z — 1) + 5, (2x) + 5y (27 — 1) (22)

13



for some |s|,|5| < 1, with @ chosen so that (mi,m,) = 1. Note that both m; and m, are
symmetrical with respect to z = 1, so (ri,mq) = (li,m) and (r1,m;) = (l;, 7). Using the
equations (21) and (22) and the fact that

%ll(zl') if v € [0, %]
hiz) = { L(2x —1) +5m(2z = 1) ifze[3,1], -

we have conditions that must be satisfied by (I3, m1), (l;,m1), and the remaining parameters
a, s, and s:

+ 2s(ly, m1) = 2(ly,m1)

+ 25(ly,mq) = 2(ly, M) (24)
(14 s{ly,mq)) + 5(s + (l1,m1)) = 1.

QW ol
N

Let If =l —(ly,m1)mq, r{ = r1—(ly, m1)my, ZI = i — (1, m)my, and 77 = 71— (ly, My ).
Then the macroelements A = (I}, 77, m1)" and A = (I}, 7},71)" are biorthogonal provided
my, my satisty (I5,7]) = (r], ;) = 0, or equivalently,

. 1
<l17m1><l17m1> = 57

which is satisfied by setting

1
I, 1) = ———.

Then from Lemma 2, we may define the biorthogonal scaling vectors ® = (¢y, $2)T and
® = (¢1, )T, with components

L@+ ifre[-1,00 -, . [ IHz+1) ifxe[-1,0]
¢1<x)_o‘{ r*(z) if z € [0, 1], ¢1<x>_0‘{ () if z € [0, 1],
¢o(x) = Pmy, and QEQ(LU) = %fnl.

The condition (gbg,gEg) = 1 is automatically satisfied, and the condition (qbl,gz;l) =1is

satisfied when & = é

The 1-balancing constant is

My = / le(x)da: = <1,al~f> + (1, af}) = 1
R

so the 1-balancing condition is

. 1. 1 _
/R Gl = {1, i) = s = My

which is satisfied by setting (I, m;) = % The 2-balancing constant is M; = 0 from Lemma 4,

and the 2-balancing condition
1\ -
/ (:U — —> ¢o(z)dr =0
R 2

14



is automatically satisfied. The system in (24) now reduces to a system in a, s, §, and 3:

Sda +26(5—1) =0
da(s—1)+38=0
2asa® + 2af(a+ss — 1) + 532 =0,

which has the solution

4oy _ 8(1—s)? 2541
gl=s) a=gTgy md S=5Ty
with (I3, my) = ﬁ and (ly,my) = 2(13_5), and [s], 5] < 1for =1 <s < 1.

We choose a = 1 so that ¢;,(0) = ¢1(0) and look at two interesting examples from this
class of functions. If we choose s = 0, then § = —1 and S(®) = S)(Z/2) N L*(R). The
balanced biorthogonal duals for this choice of s are illustrated in Figure 3, and their matrix
coefficients appear in the appendix. If we choose s = § = —%, then one may verify that

P2
$1

oS

55— 1 1\ W
-0.5¢

Figure 3: The 2-balanced biorthogonal scaling vectors with s = 0, ® at left, ® at right.

(Ir,ry)y =5, 75) =0, (I5,my) = (ri,my) = 0, and (I, m1) = (7, mq) = 0, using (21), (22),
and (23). The balanced biorthogonal duals for this choice of s are illustrated in Figure 4, and
their matrix coefficients appear in the appendix. Note that the elements of this particular
dual are merely scaled elements of the orthogonal GHM scaling vector.

3.2 3-Balanced, Approximation Order 3

We believe the following construction to be a new class of scaling vectors. We have neglected
some generality here by restricting our construction to bases that have symmetry properties,
since the ability to build bases with symmetry properties is one of the major advantages of
using scaling vectors over a single scaling function.

Let l; = v/3axp,) and r1 = v/3(1 —2)x[01), so that (I, 1) = (ri,r1) = L and (i, ) = &,
and let ¢° be defined by

Lz +1) ifze]-1,0]
#°(2) = { r1(x) if x € [0,1],

15



¢2

Figure 4: The 2-balanced biorthogonal scaling vectors with s = —%, ® at left, ® at right.

Let my = v/302(1 — 2) X[, so that S((¢5,m1)T) = SY(Z) N L*(R). Note that (my,m;) =1

and (ry,my) = (I, m1) = % due to the symmetry of m; about x = %

Let mo, ms, mo, and mg satisfy the inhomogenous matrix dilation equations

lﬂmﬂ (z) = {8 ﬂ {ij (2x)+[z g} {fﬂ (2x—1)+{? j mj (2x)+li ﬂ mj (2z—1)
(25)

and

1
St 3
W N
—_
—
S
SN—
|
1
o O
Oy SN
1
3 <
— [%}
—_
~—~
[\
S
S~—
+
1
Qr
e O

[

and the parameters are chosen so that (mq, ms) = (mg,m3) = 1 and (mg, m3) = (M3, mg) =
0. Note that while mq, ms, M9, and 73 are not themselves symmetric, ms(x) = mo(1l — z)
and ms(x) = mo(l — ), so

o0 ‘

(ri,ma) = (li,m2)  (ri,ma) = (li,m3) (M1, maz) = (M1, ma)
<7"1,77~13> = <l17m2> <7"1,77~12> = <l17m3> <m1,m3> = (ml,fn2>

Using the equations (25), (26), and (23), we have the following conditions that must be
satisfied by (1, ma), (1, a), {1y, ms), (i, 775), {ma,ma), (1, iz}, and the remaining pa-
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rameters:

( 1(12a + V10b + 3v10c + 4((l, ma) (q + 25 + ) + (L, ma)(r + s + 2t))) = 2(I;,m)
1(12a 4 3v10b + v10c + 4({ly, ma) (g + 2r + ) + (l1,m3) (2g + 7 + 5))) = 2(l1, m3)
1(12a + /10D + 3v/10¢ + 4((l1, m2) (G + 25 + 1) + (I, g) (F + 5 + 21))) = 2(1, 2)
%(12a+3\/_b—|—\/_c—|—4((l oG+ 2F + 1) + (I, m3) (2§ + 7 + 5))) = 2(ly, m3)
1(5v/10a + 7b + Te + 2(vV/10(l, ma2) (g + t) + VI0{ly, m3) (r + s)+

(m1,ma)(q+ 1+ s+1))) = 2(m1, my)
L(5V10a + b+ 7¢ + 2(v10(l1, M) (G + 1) + V10(ly, s) (F + 8)+
(ma,me)(§+ 7 + 5 +1))) = 2(my, mo)
2ad + bb + c& + f( (b+c)+alb+7)) +qf+rF + 55+t + ally, mo)(g + t)
+a<l1>m3>(7j s) + a(ly, m2) (G + 1) + ally, ma) (7 + 3) i
(ml,m2>(b(q +r)+e(s+t)+ (my,me)(b(G+7)+c(5+1) =2
2aa+bc+bc+ ( (b+ )+ a(b+ &) + s+ r5 + gt + gt + ally, ma)(q + t)
+a<l1,m3)(( +8) + a(ly, m9) (G + 1) + a(ly, g) (F + 3)

{ H(ma,ma) (E(q + 1) + b(s + 1)) + (ma, o) (e(G+7) + b(E+1)) =0
(27)

Let
mI =myp — <m1, Th2>m2 — <m1,m2)m3 and mi = k(m1 — <m1, m2>m2 — (ml,m2>7h3).

Setting (mj,m;) = 1 and solving for k, we have

1

k= —.
1-— Q(ml,m2>(m1,mg)

Then {m}, mo, ms} and {m},mo, M3} are normalized biorthogonal duals, and
1 ~
(b, mi) = (romi) = S(VI0 = 4((la, ma) + (1, ms)) (ma, 172)) and

V10 — 4((l, 172) + (b, 7)) (ma, ma)

4(1 = 2(my, ma) (my, my))

(b, my) = (ri,my) =

Let
Ii(x) = — (ly,myym] — (l1, mao)ymy — (I, M3)ms,
C{(m) = — (i, mPym] — (l1, m3)ymsy — (I, Ma)ms,
i(x) = L= {l,,my)mi — (l1,mg)mg — (1, m3)ms, and
Fi(x) = r— (L, my)my — (i, ma)ng — (I, ma)img.

Then the macroelements A = (I, 7%, m*, mq, ms)” and A = (I, 7+, m?, g, g) 7 are biorthog-
onal provided (I3, 7) = (r¥,I¥) = 0, which is satisfied by setting

1+ 8((ly, ma) (I, ms) + (i, ms) Iy, M2)) — 2v/10(my, ma)({l1, M) + (1, M)

(my,1mg) =

17

2(V10((I, ma) + (I, ms)) — 4(my, ma)(1 + (I, ma) — (i, ms)) (L, m2) — (I, m3)))



We define the biorthogonal scaling vectors ® = (¢1, ds, ¢3, ¢4)T and © = (¢, b2, b3, d4)T,
with components

@) ifre[-1,00 -, . [ I(x+1) ifzel[-1,0]
d1(z) =a { rl;f(x) if z € [0, 1], d1(x) = O‘{ fli‘(x) if 2 € [0, 1],
bula) = B, dala) = e, onle) =y, dala) = i,
¢4(I) = 6?77/3, and §54(Z') = lmg,

g

where a, & are chosen so that (¢, ¢;) = 1.
The 1-balancing constant is

V3

so the 1-balancing conditions are

/ngg(x)dx = /R<234(a:)dx = <l1’m2>\/—gﬁ<ll’m3> = My, and

My = —=(1 = 2((ly, ma) — (l1,m3)) ({1, Ma) — (l1,7M3))),

/R(gy)(a:)dx = (5({ly,ma) + (I3, m3)) — 2\/_<m1, mo) (1 — 2({l1, m2)(l1, Mm2)

+(l, ma) (h, ms))) + 8(1 + ((h,ma) — (b, ms))((h, m2) — (b, m3)))

(I, 1) + (L, M) (ma, ma)?) [ (V3y(VIO((l, ma) + (I, m3)) — 5(m1, ma)
—4((Iy, ma) + (11, ms)) ((Iy, ) + (11, 7)) (my, ma) + 2v/10((1y, 1y)

+(ly, ) (ma, ma)?)) = Mo

From Lemma 4, the 2-balancing constant is M; = 0, so the 2-balancing condition is

(I

The remaining 2-balancing condition

[ (5-3) dars =0

is automatically satisfied. The 3-balancing constant is M5 = 0, so the 3-balancing conditions

are ) ) )
/ x—l dx:/ x—§ dr =0, and/ x—l dx = 0.
R 4 R 4 R 2

(The actual equations are omitted due to their messiness.) One may show that we satisfy
all of the biorthogonality and balancing conditions by setting

G — 5 W L)
3a—2ﬁ<l1,m3>’ Y \/5 ) 1, 2 3 1 3/
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) 30 V2a - 3V58

li,m9) = —, (l1,m3) = —, (mq1,m9) = ——, and (my, mo) = :

(i) = G (i) = 0 () = Y22 and (s ie) = 220
The system in (27) is still extremely underdetermined, which allows for some flexibility

in the construction of the bases. If we choose a =c=qg=r=s=t=0and b =1, then
S(®) = SYZ/2) N L*(R), and the system in (27) is satisfied by setting

(lyoms) = 3v/5 5= 16v20 . 2V10(85+56F +72f)  ; _ 2(315 — 1287 + 48)
P e T s T 1085 C 217 ’
_ 20114167 —1926) 427 — 8 — 37 nd~_21+8f+90£
‘- 217 T T e T T e
We choose a = \/E so that ¢1(0) = ¢1(0) = v/7. By setting # = 0 and { = —2 we minimize
the infinity norm of the coefficient matrices in (26) so that

e
VR
=y W

I AL -F AL -5

The balanced biorthogonal duals for this choice of parameters are illustrated in Figure 5,
and their matrix coefficients appear in the appendix.

4 4
I P2 o
3o M
— 2
1) 1
1 0N/ | N_0'5 1 -1 0.5 0.5 \_A
-1} 1
-2} -2 N
4 4 ®3
3
2 4
1

, ! -1 -0.5 075 WL
-1 -1
-2 -2

Figure 5: The 3-balanced biorthogonal scaling vectors where S(®) = S3(Z/2) N L*(R), ® at
top, ® at bottom.
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We may also satisfy (27) and construct bases that are pairwise orthogonal (although not
normalized) by setting

<l m>—— —— /3—— ——8 a=1 b= ——3 \/5 c = ——3\/3 4= —
1 s 27 457 ’ 7\/5’ 7\/5’ 135’
l~)——2\/§ E——Qﬂ ——T—~——’F——5 ands——t—§——f—2
- 63\/5’ N 63\/37 B —9= 21 a T 21’
so that

I =16 0L -1

We choose o = /2 so that ¢;(0) = $1(0) = % The balanced biorthogonal duals for this

choice of parameters are illustrated in Figure 6, and their matrix coefficients appear in the
appendix.

o0 ‘

4 4
O2 o3 ¢4
3 4, 3
2
A 1
1 'OW | \}\;{ 1 -1 0.5 o5\ / 1
4 4 Qg:a
314, 3
X 2 i
I 05} ®4
1) 1
1 Tv | \\}Ws 1 -1 0.5 BRVIZEAVARE!

Figure 6: The 3-balanced pairwise orthogonal biorthogonal scaling vectors, ® at top, ® at
bottom.
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4 Appendix

The matrix coefficients of the first scaling vector constructed in Section 3.1 (illustrated in

Figure 3) satisfying

\/_Zgz 2r — 1) andfb \/_Zgz 20 — 1) (28)
1=—2 1=—2
are given below.
0 ——L1_7 1 _5_ 15 1

. 3 3 3

~ 0o 0] _ — 1 B 11 B -1

g2 = {0 ol 9= of {ﬂ o = [{f f] o= [ S
. 2v2 V2 2V2

The matrix coefficients of the second scaling vector constructed in Section 3.1 (illustrated

in Figure 4) satisfying (28) are given below.

0 —wa) [ wa wa] L, [B
= 20v/2 g_1 = 10v/2  20V2 go = | V2 20y2
10 0 0 0 | _O 53 |
I 1 3 9 7 [ 1 9 ]
g9 = 0 S 10v2 Jg_1 = T10v2 10v2 Go = V2 10v2
o0 ) 0 0 | 0

an

a1

3 1
_ 102 20V/2
o W2 3
L 5 5v2
3 1 7]
_ 102 10v2
o 22 3
5 5v/2

The matrix coefficients of the first scaling vector constructed in Section 3.2 (illustrated

in Figure 5) satisfying (28) are given below.

0 3 1 3 0 37 3 75
224v2  56vV2 2242 2242 56v2  224v/2
_ 0 0 0 0 _ 0 0 0 0
210 0 0 o0 S ) B 0 0
0 0 0 0 0 0 0 0
1 75 3 37 0 3 1 3
V2 224+/2 5612 224+/2 224+/2 562 224/2
0 3v2 42 3v2 0 0 0 0
o - L 373 " \/Li 112?1@ _28?\)/5 _112:?/5
I A A 0 32 43 32
7 7 7
0 29 _ 29 29 39 _ 19 8V/2 121
420v/2 1402 1402 140v/2 35v/2 35  105v/2
_ 10 0 0 0 - _ |0 0 0 0
0 0 0 0 - 0 0 0 0
0 0 0 0 0 0 0 0
1 121 _ 82 121 39 29 _ 29 29
\(/)5 10156 2 31375 1%57 2 _1403@ _1403\45 1%0\/5 42057
o=, W2 %% T oai=| W7 W Tp RS
0 QSng 2890\/5 _280?\)/75 140%/75 282%§ %slgﬂ 280{
56012 70v/2 560v/2 560v2 2802 560v/2 280+/2
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The matrix coefficients of the second scaling vector constructed in Section 3.2 (illustrated
in Figure 6) satisfying (28) are given below.

0 127 41 11 V2o 109 _ 139 4087
10080v2 25202 480v/2 45 48012 25202  10080v2
10 0 0 0 g 0 0 0 0
2= 10 o 0 0 7 o o 0 0
0 0 0 0 0 0 0 0
1 4087 139 109 V2 11 41 127
V2 10080v/2 252012 480+/2 45 4802  2520v/2 100802
0 407 1%11\5/5 31 42 1 V2 _ 43
w=lo EE T BE | g= | P R L aen
2404/2 60v2 80v/2 15v/2  80v2 60v2  240V2
0 43 V2 1 42 31 181v2 407+/2
630v/2 315 3012 45 302 315 63012
0 127 41 11 V2 109 139 4087
4410v2  2940v2  210v2 45 210v/2 20402  4410v2
s 0 0 0 0 G, = 0 0 0 0
2= 10 o 0 0 7o o 0 0
0 0 0 0 0 0 0 0
1 4087 139 109 V2 11 41 127
O " T T s B gy
Go=1|o TR P2 R gi= | R RyE R
o ME o g mpe R G T
630v/2 4201/2 302 90v2  30v2 42012 630v/2
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