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Abstract

Wavelets are sets of basis functions used in the analysis of signals and images. In contrast to Fourier analysis, wavelets have
both spatial and frequency localization, making them useful for the analysis of sharply-varying or non-periodic signals. The
lifting schemdor finding the discrete wavelet transform was demonstrated by Daubechies and Sweldens (1996). In particular,
they showed that this method depends on the factorizatigmolyjphase matricesvhose entries are Laurent polynomials,
using the Euclidean algorithm extended to Laurent polynomials. Such factorization is not unique and hence there are multiple
factorizations of the polyphase matrix. In this paper we outlindaghematicaprogram that finds all factorizations of such
matrices by automating the Euclidean algorithm for Laurent polynomials. Polynomial reduction using Grobner bases was also
incorporated into the program so as to reduce the number of wavelet filter coefficients appearing in a given expression through
use of the relations they satisfy, thus permitting exact symbolic factorizations for any polyphasem2®@ Elsevier Science

B.V. All rights reserved.
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Title of program:LiftingFactorisation.nb
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Program Summary URLhttp://cpc.cs.qub.ac.uk/summaries/ADLE

Program  obtainable from: ftp://ftp.physics.uwa.edu.au/pub/
Wavelets/LiftingFactorisation.nb

Programming language used: Mathematig®

Platform: Any platform supportindMathematica3.0
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Number of bytes in distributed program, including test data, etc.:
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Nature of physical problem
Spectral analysis and compression of signals or images.

Method of solution

Symbolic computer algebra is used to automate the Euclidean algo-
rithm for Laurent polynomials [1] so as to factorize wavelet trans-
forms yielding a sequence of simple arithmetic operations suitable
for parallel, in-place, implementation [2].
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Limitations convert the lifting steps from mathematical notation to computer
The program requires that the Laurent polynomial quotients used in pseudocode, suitable for implementation in C or Fortran.

the algorithm have Laurent degree at most 1. The polyphase matrix

must have unit determinant (though any polyphase matrix may be References

adjusted to satisfy this criterion [2]). [1] M.J. Maslen, Factoring Wavelet Transforms into Lifting Steps
(University of Western Australia, 1997).

Unusual features URL: http://www.physics.uwa.edu.aupaul/publications.html.

The program can find symbolic greatest common divisors (gcds) of [2] I. Daubechies, W. Sweldens, J. Fourier Anal. Appl. 4 (1998)

two Laurent polynomials. Using Grébner bases and polynomial re- 247. URL: http://cm.bell-labs.com/who/wim/papers/papers.

duction on the filter coefficients reduces the number of unknown html#factor

coefficients appearing in expressions. There is also capability to

LONG WRITE-UP

1. Introduction

Scientists and engineers are familiar with Fourier analysis, which is an ideal tool for describing information such
as waves, optical signals, and vibrations. It is the periodic nature of the Fourier basis which makes it so useful for
these applications, for which the information is frequently oscillatory in nature. However, for highly non-periodic
signals, the Fourier expansion requires many terms to achieve acceptable representation. In such cases an alternative
is to usewavelets

There are a variety of wavelet bases, each having particular characteristics such as symmetry, smoothness or
orthogonality. As such they are far more versatile than Fourier analysis, and can be tailored to specific situations.
Wavelets bases @bmpact suppotthiave excellent spatial localization (in contrast with the Fourier basis). Wavelets
have been applied to areas such as geophysical survey analysis, image compression (FBI fingerprint database) [3],
denoising, and encryption. Further details can be found in, for example, [1,4-8]. For a survey of applications of
the wavelet transform to a wide range of physical fields — including astrophysics, turbulence, meteorology, plasma
physics, atomic and solid state physics, and mathematical physics — see [9].

Wavelet research has proliferated over the last decade. Much of the relevant background theory has been
developed, and the recent focus has been on applications and implementation techniques. One particularly powerful
implementation method is that of lifting. This has been shown to be equivalent to the more traditional methods such
as Mallat’s algorithm and Fourier methods [10-13]. Lifting has several advantages over other methods. Itis a very
general technique, applicable iedimensional transforms and wavelets on manifolds. In some cases the method
can yield integer-to-integer transforms [14] allowing for lossless compression. Computationally it allows a parallel,
in-place implementation, which is faster by a factor of 2 for large datasets [2]. It reduces the implementation to a
sequence of simple steps involving elementary algebraic operations, making it trivial to find the inverse transform.

A major recent development is ttiactorizationof the lifting scheme [2]. This provides a simple method for
deriving the sequence of lifting steps. Importantly, the factorization is fundamentally non-unique, so there exist
several possible sequences of lifting steps for a given wavelet transform. This is an important feature as it allows
a choice of which set of steps to use — some sets may be better suited to hardware implementation, numerical
computation, or symmetric implementation, for example.

Two questions that arise from this factorization are (i) how many factorizations exist, and (ii) how does one find
all factorizations. This paper addresses both of these issues, in the foriMathamaticgorogram that finds all
gcds of two Laurent polynomials.
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2. Mathematical preliminaries
We outline some of the background mathematical ideas relating to wavelets and the lifting scheme.
2.1. Laurent polynomials, finite filters, anetransforms

A Laurent polynomials an expression of the form

b
P =) az ™t
k=a

We define thelegreeof a nonzero Laurent polynomial §8(z)| = b — a, and the degree of the zero polynomial is
defined to be-oo.

A finite filter may be described as a set of coefficieints {h;: k € Z}, which are zero outside the finite range
ky < k < k.. Thez-transformof a finite filter is the Laurent polynomial whose coefficients are the filter coefficients,
namely

ke
h(z) = Z hiz k. (1)

k=kp

The limiting pointsk, and k, are arbitrary subject to the restriction that — &, is the length of the filter.
Equivalently, thez-transform is defined only up to a monomial factor.

2.2. The Euclidean algorithm

TheEuclidean algorithnis a method for finding the greatest common divisor (gcd) of two integersdivigon
algorithm states that for any integessandb, where|a| > |b| (here|-| denotes absolute value) ahd# 0, there
exist integerg; andri (the reason for the subscripts will become clear) suchdahat;1b + r1 with 0 < r1 < b.

The Euclidean algorithm can be used to find the gcd as follows. Firstly note thatiD, then geda, b) = b.

If r1 # 0, we see that any common divisoriofindr; is a divisor ofa, and thus is a common divisor afandb.
Rewriting the above expression@as=a — g1b, shows that any common factor @fands is a factor ofr1, and is

thus a common factor of, andb. We have shown that the common divisorsidndb are the same as thoseraf
andb, and hence gad, b) = gcd(r1, b). The problem has thus been reduced to finding the gcd of the smaller pair
of numbersry, b).

We may now apply the division algorithm t@ andb to getb = gor1 + r2 with 0 < rp < 1, and repeating
the argument above, we see that @edb) = gcd(r1, r2). We iterate this process, each time obtaining a smaller
remainder until eventually; = 0 for somei. We then haver,_» = ¢;r;—1 and thus we have g¢d, b) =
gedri—2, ri—1) = ri—1. The algorithm has a simple computational implementation, in recursive form:

i < bi_1,
ai i—1 (2)

bi <—aj_1—ajq;.

The Euclidean algorithm can be generalized to the Laurent polynomials. The procedure is similar to that shown
above, with the generalization being that we require Hat |b|, where|-| is the Laurent degree.

2.3. An example

An important point is that the quotients aret necessarily unique in the Euclidean algorithm. That is, although
the gcd is unique up to an invertible (monomial) factor, theotientscan be chosen in several nontrivially
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distinct ways. To illustrate this we give an example of the Euclidean algorithm for Laurent polynomials. Let
a=1/7+3—2z, andb = —6/z2 + 3/z. We wish to find gc¢u, b). Note thatja| =1 — (—1) = 2, while
|b| = —1— (—2) = 1. We set up the first step of the Euclidean algorithm:

1 -6 3
—+3—21=q1(—2+—>+r1-
4 4 4

Since the remainder must have degree less than thgtibmust be monomial. Rearranging this equationsAgr
we get

1 -6 3
rlz(—+3—22)—611(—2+—>.
< Z Z

We must choose; so thatr1 will be monomial. One way to do this is to choaggeso that the highest monomials
in each term in this expression are equal, and will thus cancel. This meang thit need to be of the form
z%(c +d/z) in order for the terms to have the same highest exponents. The paramatets are then found by
the method of undetermined coefficients. Substituting, we find that the first remainder has the form

6d +1

Z

and, setting the coefficients of theand constant terms to zero, we get —2/3,d = —1/3, so our first quotient
is —272/3 — z/3, and the first remainder is1/z. We now apply the Euclidean algorithm to this remainder And
to get

2(=3c—2)+6c—3d+

+3,

b=qor1+r2=r2=>0b—qor.
Once again, the remaindermust have degree less than thatpfSincer; has degree zero, it follows thgt must
be zero (recall that the degree of the zero polynomial is defineebay As before, we choose a quotient form so
that both powers are matched, and find that the second remainder has the form
c+3 d-6
+ =

4 Z
We can set both terms, and thus the remainder, to zero toget3, d = 6, so the second quotient ig6— 3.
Alternatively, we could have decided to eliminate the lowest two powers from the original expression, or even the
lowest and the highest power. This gives three possible factorizations, each with different quotients. The gcd here
is defined only up to a power af the gcd is ‘greatest’ in the sense that it has greatest possible Laurent degree. In
this case, we found that the gcd wad/z (the last nonzero remainder). The other factorization branches lead to a
monomial gcd also. In this case the original Laurent polynomin be retrieved via = g1b + «, wherex is the
gcd, and the reader can easily verify that the three factorizations below are all valid:

_2z2zb1 _—2z2zb1 _7z2zbz
“=\"73 "3 2 4T 3 6 2 “T\T127 6 s

The gcd is the same for each factorization up to a monomial factor, but the first quotients differ nontrivially. The
last quotients differ only by monomial factors, because at this stage we have no freedom over which powers to
eliminate.

Note that multiplyingz by z andb by z? converts these Laurent polynomials into (ordinary) polynomiats in
Polynomial division then gives

2z 1
(az)=—-22+3z+1= (——Z——)(bzz)—l,

3 3

which is equivalent to the first factorization above, providing a simple computational check. Similarly, the last
factorization can be obtained by dividiagz by bz (since these are ordinary polynomials ir}, i.e.,

a 3 1 ( 7 1

1
- oy (L _Z)en--=.
z +Z+22 12 6z>(z) 4
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Furthermore, there are fast algorithms for polynomial division and these can be used for these computations.
However, the second factorization cannot be obtained in this way.

Later, we will factorize certain 2 2 matrices whose entries are Laurent polynomials (specifigalignsforms
as defined above) by executing the Euclidean algorithm on two of the entries. The factors are matrices whose
entries are determined by the quotients resulting from the algorithm. Thus, using the different sets of quotients, we
can obtain several different matrix factorizations.

2.4. Grobner bases and polynomial reduction

The Euclidean algorithm can yield complicated algebraic expressions when carried gttamsforms with
symbolic filter coefficients. It is desirable to reduce such expressions as much as possible, using any relations that
exist between the filter coefficients. A useful way of carrying out such simplifications is Gnidmer basesand
polynomial reduction. Mathematidaas built-in functions to generate Grobner bases and to carry out polynomial
reduction.

The formal definition of a Grébner basis is somewhat involved, making use of several concepts in the theory
of rings and multivariate polynomials (the interested reader is referred to [1]). The essential point is that Grébner
bases encode the information contained in the constraints on the filter coefficients, which can then be exploited to
simplify factorizations by the technique of polynomial reduction. The utility of Grébner bases may be demonstrated
by considering an example. In the general cas® &f orthogonal wavelets§ denotes Daubechies and here
denotes the number of non-zero filter coefficients), the following relations are satisfied by the filter coefficients
hi [5]

Y m=v2, Y hihiam =260, form=012.. 51
k k

> (=D, thg =0, wherep=1.2..... 5.
k

These conditions arise from applying certain approximation and orthonormality constraints. The equations may
be solved for the coefficients of a givehN basis. In general the above conditions giet+ 1 equations invV
unknowns, however the system of equations is consistent; square normalization can be derived from the other
conditions. They can be solved exactly when< 6, but for N > 6 they must be solved numerically. Solving for
N =6 gives

ho:£(1+~/ﬂ)+\/5+2~/ﬁ)), h1:£<5+~/ﬁ)+3\/5+2~/ﬂ)),
hy = g(lO—Z\/E-‘r 2\/5+2\/F)), hg = £<10—2x/ﬂ)—2\/5+ 2@),
h4:£(5+m—3\/5+2\/E), h5:£<1+x/E—\/5+2\/ﬂ)).

A Grobner basis is a set of polynomial expressions which are constructed using the zero conditions satisfied by
the coefficients. An important feature is that the resulting Grébner basis always has exactly the same collection
of common roots as the original set of polynomials and is a canonical form from which many properties can
conveniently be deducelathematicehas a built-in command for computing a Grobner basis:

In[1]:= g= GroebnerBasis{{ Zio hi — /2, Ziio(—l)ihi, Zioi(—l)ihi,

> 2D, 3 hihisa, S0 i), Tablethi, (1,0,501]
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Out[1] = {65536 — 8192v/2h3 — 30723 — 96v/2h5 + 9,
— 25613 + 32v/2h% + 6hs + 3h4,
— 409613 + 512v/2hZ + 19215 + 24h3 — 3v/2,
8ho + 16h5 — 3v/2, 409613 — 512v/2h2 — 1685 + 24h1 — 9V/2,
204812 — 256v/2h2 — 96hs + 24ho — 3V/2}.

This basis will eliminaté:g, 11, h2, h3, andha from any polynomial expression, replacing it with term&in Now
consider the following expression:

In[2] := expr = hyhs + hghz + hshy;

This can be reduced to an expression involving only a single coefficientibetesing polynomial reduction
with the above Grdbner basis:

In[3]:= reduced= PolynomialReducdexpr, g, Table[h;, {i, 0, 5}]]//Last

64 25h2  5h 1
out[3] = Eﬁhg 5 s

Observe that the form of these filter coefficients makes it difficult to give this reduced foerpofusing
elementary algebra. Note also that we do not need to know the exact values of all of the coefficients, only their
defining relationships. For example, it can be shown that finding the exact form of the D8 coefficients is equivalent
to solving an irreducible sixth degree polynomial. However, polynomial reduction can still be carried out on the
D8 coefficients, giving rise texactexpressions containing ontnecoefficient. This may be more satisfactory for
numerical implementations, as we only need to substitute one numerical value into exact expressions.

2.5. Mallat’s algorithm

We briefly describe here an established algorithm for computing the discrete wavelet transform. For a sampled
signal, considered for simplicity to be of lendtk- 2" (this is easily generalized), we can use the relations satisfied
by the wavelets to compute the wavelet expansion coefficients. We define matricegjoalliedture mirror filters
(QMF) in terms of the filter coefficients, and multiply by our data vector to produce a step of the wavelet transform.
After each matrix multiplication, half of the vector is ‘left alone’ — it is one component of the wavelet transform.
Before the next step, a new QMF matrix of half the original dimensions is constructed. Eventually we reach a point
where we are operating on a two component vector (orilyi2"), and the result of this step is the last component
of the discrete wavelet transform. This is calldllat’s algorithm[5].

More precisely, we denote our sampled signal by the vettarthese sampled values correspond to the highest
resolution level. With the coefficients, (gx = (—1)*h1_;) forming a low(high)-pass filter, we define the QMF
matrices as

(H)kg=hi—2, (G)r1=g—2k. (3
Then we have the relations;
sUl = gt gl — ggli+1, (4)

where the vectorsl/! and 4l/l are the ‘signal’ and ‘difference’ terms at resolutign In other words, the
components of these vectors are the coefficients in the expansion of a signal into the wavelet basis. This defines a
step of the discrete wavelet transform in terms of multiplicatiobgndG, the QMF matrices. The (in the= 2"

case) one-component vectdf! is the average or ‘DC’ term of our signal. After the first step the QMF matrices

are redefined at half the dimensions, and we carry out the step (4) on the signal term found at the previous level.
Thus we are able to find the expansion coefficientdldevels beginning with our sampled valug¥' .
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As a simple example of this, consider an explicit matrix implementation of the D4 wavelet transform. It is,
of course, highly inefficient to implement Mallat's algorithm using matrix multiplication: this implementation is
presented here only to introduce some notation and indicate the algorithm’s inherent parallelizability. For an initial
data vectos®! = {sq, do, 51, d1, 2, d>, s3, d3} (the reason for the artificial structure of this vector will become clear
later), the first step,
ho hi1 ho hg3 O O O O S0
0O O ho h1 hp hs 0 O do
0O 0 O O ho hi1 h2 hs3 51
<s[2]> _|h2 k3 0 0 O 0 ho h| |

d?) g g 0 0 0 0 g & 52
go g g g 0 0 0 O d>
0 O g 4 g g 0 O 53
0 0 O O g & & 83 d3
can be split into the parallel operations involving ohly

ho ho 0 O S0 hy hy3 0 O do

2] O ho ho O | 1 0 hy hy O ) dq
U 0O O ho h2 52 + 0 O hy hs d> |’ ®)

ho 0 O ho $3 h3 0 0 n d3

andg:

g2 0 0 go 50 g3 0 0 g do

0 O K 0 O d
g2 |80 & 1|8 3 e 6
0 g g O 52 0 g1 g3 O dp ©)

0 0 g g 53 0 0 g1 g3 ds3

The lifting schemedescribed in 83 presents an alternative, highly efficient, method for computing the wavelet
transform — only involving simple multiplication and addition operations — which is faster than Mallat's algorithm
by a factor of 2 for large datasets [2]. Moreover, lifting is more general, applicabledimensional transforms

and wavelets on manifolds.

3. Lifting

In this section we outline the general theory of tifeng scheme Further details can be found in [2], and
broader information in [10-13]. The lifting scheme has been shown to be equivalent to the traditional method of
implementing the wavelet transform via the QMF matrices [2]. It has several advantages over Mallat's algorithm, as
will be shown below. It turns out that the procedure is equivalent to the factorization of a matrix whose components
are related to the-transform of the filter. This matrix factorization is non-unique, and we can find all factorizations
through automation of the Euclidean algorithm for Laurent polynomials.

3.1. Polyphase representations

We define thepolyphase representatiaf a filter;

h(z) = he(z®) + 2 ho(22), (7
whereh is thez-transform of the filter as defined in Eq. (1). Hérg(ho) is theeven(odd) polyphase component
of i, defined by

h(z) +h(=z2) h(z) —h(—z2)
2\ _ 2y _
he(z%) = - 5 ho(2%) = 1 8
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We see thake andhg contain the even and odd filter coefficients, respectively. We now defipatiehase matrix

_ [ he(@) ge(2)
Per= (1) 55): ©

where ge and go are defined in terms of the high pass filiganalogously to (7). Note that the determinant of
this matrix is always monomial [2]. The program requires it to be unity, but any polyphase matrix can be suitably
adjusted to satisfy this requirement [2]. Heris not a value to be substituted, but a symbolic entity representing a
data shift. In general for a filtef, we have the rule:

" fi = fiem. (10)

where the direction of the shift is a choice of convention. _

The polyphase matrix provides an alternative method of executing the lifting scheme. For a datal¥éttor
we begin by performing thiazy wavelet transformwhich simply involves subsampling the data at even and odd
locations. That is;
S[J] <—s£{+1],

[j] [j+1]
d; <8541 -

11)

In analogy with Mallat’s algorithm, the vectasl/!, 4/1) then premultiplies the polyphase matrix to give one
stage of the discrete wavelet transform, bearing in mind that the compohériadd!/! arethemselvesectors,
and the polyphase matrix elements are Laurent polynomials containingdperator (shift). That is, a general
step may be written as

U1 U1 U+ g+ | [ he(@ 8e(Z)>
(s ,d )<—(9 ,d ) (ho(z) 20(2) ) (12)

The result of the multiplication is the signal and detail at the next level, and the next step is to repeat the lazy
wavelet transform (11) osl/! and proceed as in (12). The lengthsdfl andd!/! is reduced by a factor of 2 at each
step, and thus the algorithm must always terminate aftgeps.

3.2. The factorization of the polyphase matrix

The factorization of the polyphase matrix is obtained by using Theorem 7 of [2]. We first apply the Euclidean
algorithm to dividehe(z) by ho(z). That is, we start by settingh = he(z), bo = ho(z), and then iterate the scheme
asin (2),

aj =bj_1,
bi=a;_1— a;q;,

choosing quotientg; such that the degrees of the remaindgrare reduced at each step. The factorization of the
polyphase matrix is given in terms of these quotients by

(n/2)-1 2
B 1 g2i-1(2) 1 0 1 «%s(2) k 0
ro=(T1(E #39) (0, 9) (6 57) (5 ) @

1

wherex is a constanscaling factorwhich is simply the gcd, ansl(z) is alifting term, found by comparison of
the factorized and unfactorized forms of the polyphase matrix. We refer to the matrices in the initial product as
quotient matricesand to the last two matrices as tiféing matrix and thescaling matrix respectively.
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The alternating upper and lower triangular structure of this factorization is what allows an ‘in-place’
implementation of the wavelet transform. Consider the effect of premultiplicatidn(of in factorizedform by
a two-element row vectas'/!, @) as in (12). The first factor herég?.%), is upper triangular with diagonal
entries equal to 1. Thigting stepcorresponding to this matrix factor is thus

glony (1 a@\_( @ sVl
(S d ) (O 1 >_<d[]]<—d[”+ql(z)s[” . (14)

Similar steps result from subsequent matrices in the factorization. This illustrates the fact that the lifting method
is in-place and trivially invertible because

(630 =G 3) = (9 -3

Note that in general the quotients contain powerg,ofvhich will give rise to shifting of the lists. The lifting
scheme can thus be written as a sequence of steps of the form (14) with altesratitg symbols, followed by
the scaling step. The initial values ofindd are the results of the lazy wavelet transform as in (11).
When we reach the end of the factorization, that is, when the scaling steps have been executed, we record the final
values ofs/1 anddl/!. As beforedl/! represents the high frequency component at sgalkeis is one component
of the wavelet transform. We conduct the lazy wavelet transform on the result of s¢dlinand follow the same
lifting steps as before. These ideas are illustrated by the examples in §5.
The scaling matrix(o"lﬁ),(), is implemented as/! < «sl/l anddl/! «<— 1/« dl/1. For implementation purposes it
is preferable to have a factorization witbnstanigcd. The gcd is always monomial [2], and, for a general gcd, we
can factorize the scaling matrix into lifting steps followed by a constant scaling matrix. To see this, note that

(6 )= ") (2 D6 )G Y
(L6 )CD6E ) @9

wherex represents™! — only in this case do the matrices in these factorizations have degree 1 entries. So for an
arbitrary gcdex™, m > 0, we could factorize the scaling matrix as

ax™ 0 (x 0" (a O

0 1/@x™ ) \0 1/x) \0 1/«
({1 x—x? 1 0\ (1 x—1\ (1 0\ (a O
“\\o 1 J\-1/x 2)J\o 1 ) \11 0 Ya)’

and still have alternating upper and lower triangular matrices with degree 1 entries followed by a constant scaling
matrix. Similarly we could factorize the matrix using the second elementary factorization in (15), or indeed

a combination of the two. Hence there aré ®ays of factorizing the scaling matrix using these elementary
factorizations, quite apart from the fact that we can choose the quotients in different ways.

3.3. The number of factorizations

Itis important to consider the number of possible factorizations of a given wavelet transform. This is equivalent
to the question of how many factorizations exist for two Laurent polynomials. In the following analysis, we only
consider quotients of degree at most 1.
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Supposerg andbg are our starting polynomials. We first consider the case whgte= |bg| + 1. Consider the
first step of the Euclidean algorithm as in (2),

a1 = bo, (16)

b1 =ag— a1q:1.

The aim is to chooseg: so that the degree df is reduced (i.e., sth1| < |bg|). Since we are using degree 1
guotients, we have thdbog1| = |bo| + |q1| = |aol, that is,ap andbog1 have thesamenumber of terms. We must
choose the quotient so that the highest (or equivalently the lowest) powaysintlbog, are the same. If this were
not so, there would be extra powers introduced by the subtraction, and we could not reduce the degree. Since a
generic degree 1 quotient has the farhic + d/z), this is simply a matter of choosingappropriately.

In order to reduce the degree, we may choose to eliminate the two highest or two lowest powers, or each extreme
power, by choice of the quotient coefficientandd. Clearly there is no point eliminating intermediate terms, since
this will have no effect on the degree. Thus we have three possibilities at this step. After this stepgwve gt
and proceed similarly to (16) to finkgb. The degrees af andb have each been reduced by one, so we proceed as
in the first step. Thus we have three possibilities at eachestegptthe last one. This is because at the last siep,
has degree 1, and all options &guivalent- there are only two terms that can be eliminated. Since we reduce the
degree ob by 1 at each step, the number of steps in the Euclidean algorithir-s1, and hence the number of
factorizations in this case ig”&

Now let us consider the case whea¢= |b|. Considering again (16), we see that the degree can be reduged if
has degree 0 (i.e., is monomial) under certain circumstances. We can cover all cases by defining a generic quotient
as before. This time, howevéiyg, has one more term tham. We can still eliminate each extreme power, but this
time we must choose whether we want to match the highelsiwest powers inig andbgg1 — these choices are
no longer equivalent. We eliminate the highest two powers or lowest two powers as before. The degree 0 quotients
arise when we setor d to zero when eliminating terms. Hence there are fauv possible elimination options at
the first step. After the first step, we sgt= bg as above. This time, however, the degree ¢fas been reduced
by 1, but the degree ef hasnotchanged. Thus we are in the situation whierle= |5| + 1, and we can proceed as
above. The number of factorizations in this case is thus3#!~1,

If a andb have degrees differing by more than 1, anotexecute the Euclidean algorithm using only quotients
of degree at most 1. To see this, consider again the first step (16), and suppdael thdbo| + 1. For degree 1
guotients, we can cancel two terms frag) so|b1| = |ao| — 2 > |bo| — 1, that is|b1| > |bo| (Since we are dealing
with positive integers) so we havet reduced the degree &f This is not a great limitation, since we are not
dealing witharbitrary Laurent polynomials, bugven and odd components of polyphase filtdsually the degrees
of the even and odd components will have degrees differing by 0 or 1. The only exception would be if one of the
filter coefficients in the rangl, < k < ke Was zero.

Note that we do not count any extra factorizations introduced by the non-unique factorization of the scaling
matrix when the gcd is a non-constant monomial; these are not fundamentally important or enlightening.

4. Description of the program

We turn now from the general theory of lifting to the automation of polyphase factorizations and lifting using
Mathematica

4.1. Overview

The program, consisting of two broad parts, automates the factorization of the polyphase matrix, and can find
all factorizations. The first part is an implementation of the Euclidean algorithm for Laurent polynomials, and the
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second part is concerned with transforming the results into a sequence of lifting steps. The Euclidean algorithm part
takes two Laurent polynomials, and runs the Euclidean algorithm, thus finding the quotients necessary to construct
the matrix factorization (13). All the factorizations are found this way, although the program restricts the form of
the quotients to have degree one. As indicated in 83.3, this is not a great loss of generality. It is noted in [2] that
quotients of degree 1 are more favorable for hardware implementations than higher degree quotients.

The task of transforming the result of the Euclidean algorithm into a sequence of lifting steps is divided into
smaller parts again. The first part converts to the matrix factorization (13), which involves arranging the quotients
and gcd into matrix factors, and also finding the lifting tes@). This factorization in itself is not the final
aim, although it is helpful to be able to see what the factorization looks like. The next part converts the matrix
factorization into the sequence of lifting steps suitable for hardware of software implementation. This is done by
simply carrying out the matrix multiplication of the symbolic vect@rsd) by each matrix factor. The inverse of
a given transform is also easily found. The final part converts these stegdatib@maticanput. Implementing
the factorization results permits comparison between the package and the results of different factorizations of the
same transform.

The following subsections outline the main components of the program, and 85 gives several examples of its use.

4.2. Singlelteration module

This module simply takes as arguments the initiahdb on which to execute a step of the Euclidean algorithm,
along with an elimination option. Its output is the quotient, the remainder, and the second Laurent polynomial (to
be used in the next step). This module may be called repeatedly by a while loop whose stopping condition is that
the remainder is identically zero. A generic quotient of degree one is definédcas d/z), wheren is determined
by matching extreme powers. This is substituted to give the form of the remainder,zanttl/ are found by the
method of undetermined coefficients. Effectively these parameters are determined by the elimination option. Based
on the analysis of 83.3, the four possible elimination options are:

EliminateEndsMatchHighThis option means that the highest and lowest powers of the expression are to be
eliminated, but the highest powers are to be matched by suitable chaice of

EliminateEndsMatchLowAgain the extreme power terms will be eliminated, but this time the lowest two powers
will be matched.

EliminateLow In this case the lowest two power terms will be matched and eliminated.

EliminateHigh Similarly, the highest two power terms will be matched and eliminated.

As indicated in §3.3, the first two options are frequently equivalent. However, since these options cover all cases,
we do not need to test when the distinction is actually necessary.

4.3. FindAll module

This module generates every possible elimination branch, andSinggelterationon each of them until a zero
remainder is found. It takes as input the two Laurent polynomials to be factorized and an optional simplification or
transformation rule (see below). Note that at the last stage of the algorithm, one is dealing with a remainder which
is monomial, and so all elimination options are equivalent. This is accounted for in the module, and saves three
Solveoperations occurring at each of a large number of factor branch nodes.

The structure of the module is such that it generates all possible choices that could be made at the first stage,
solves for each choice, and stores the result. This is repeated at the next level, and so on, keeping the results at
every stage. In this way, a ‘tree’ of factor branches is found. It is important to be aware of which quotients from
different levels may be combined to form a branch of quotients. That is, since we are simply generating the lists of
guotients at each level, these need to be arranged into a set of branch structures.

In summary, the process occurs in such a way that every possible equation is @obesthd stored, and
then recombined appropriately. The output is a list, each element of which corresponds to one factorization. The
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elements themselves have a substructure — their first element is the list of quotients, and their second (and last)
elementis the gcd.

Neither of the above modules need be directly called by the user. The user caladideanFactorisation
module, which checks which elimination option has been specified, and delegates the task to one of the above
modules as appropriate. The module takes as input the starting Laurent polynomials (in a 2-element list), along
with an elimination rule. The elimination rule is of the forEliminationBranch— {optl, opt2,...}, where
{optl, opt2,...} is a list of elimination options if the user wishes to find a specific factorization, or simply
EliminationBranch— All if the user wants to find every factorization. Note that the user can specify an optional
third argument to simplify or transform the results in some way. For example, this is how the Grébner reduction is
done, and if the user wants numeric factorizations, fkap(which sets to zero any quantity less thami9) is
a suitable argument. If no third argument is given then it defaul&nuplify.

4.4, PolynomialReduction and DaubechiesZeros modules

PolynomialReductiotekes as arguments the expression to be reduced and the filter coefficients along with the
zero conditions they satisfy. It generates a Grobner basis by calling the b@lerbnerBasicommand, and
this is dynamically stored to avoid recomputation. It then simply uses the bufblynomialReduceommand
with the Grobner basis. The Grébner basesiiof can be computed using tiubechiesZerosommand, which
automatically generates the zero conditions satisfied by Daubechies coefficients.

4.5. PolyphaseFactorisation module

This module gives the factorization of a polyphase matrix, taking as arguments the polyphase matrix, a
factorization as found by thEuclideanFactorisatioomodule, and an optional simplification function. It returns
the matrix factorization as in (13). The given polyphase matrix must have determinant 1, though any matrix can be
suitably modified in order to satisfy this criterion [2].

Note that optional simplification rules can be entered for this module as well as EutieleanFactorisation
module. If one wishes to have a matrix factorization simplified by polynomial reduction, for example, theustle
be re-entered when calling this module. Although the quotients were simplified during the Euclidean algorithm,
when finding thematrix factorization we need the lifting ters(z). This depends on thenfactorizedpolyphase
matrix, which has not undergone any simplification.

The module first checks to see if the number of steps required is odd, and if so, it prepends a zero to the quotient
list found in the Euclidean algorithm. This will effectively produce an identity matrix as the first factor, and so the
only effect this step has is to cause the following matrix factors to be transposed. This produces results consistent
with those from [2], and is a valid factorization of the polyphase matrix. In fact it is equivalent to changing the
order of the initial Laurent polynomials and setting the first quotient to zero. The lifting iéfjnis found by
equating the factorized and unfactorized forms of the polyphase matrix and solving appropriately. Note also that
the module usesto describec?s(z).

The factorization is then given by constructing the appropriate matrices with the quotients, the lifting term, and
the scaling matrix which is determined by the gcd. Any identity matrices in the factorization are discarded, and the
placeholder comman@enterDotis applied to those remaining to prevent them being multiplied during output.

If the factorization has a non-constant gcd, the user can apply the fulstadmgTransfornto « to replace the
scaling matrix. The user can also specify a list according to the sequence of elementary factorizations (15) they
wish to use. For example, if the gcd wak and the user wished only to use the second of the factorizations (15),
they would provide the list2, 2}. If they wished to use the second followed by the first they would spé2ify;}
and so on. If no list is provided, the defaulf{is 1, ..., 1}, corresponding to the use of the first factorization only.
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4.6. ToLifting module

This converts the polyphase factorization into the sequence of lifting steps. Recall that the polyphase
factorization is a sequence of alternating upper and lower triangular matrices, followed by a diagonal scaling
matrix. The diagonal entries of the triangular matrices are all equal to unity. In general, the first matrix can be
upper or lower triangular, and the module works in each case. After converting the factorization into a list of
factors, it tests to see whether the first matrix is upper triangular. If so, the first element to be changed ithe
symbol to be changed alternates until we reach the scaling steps (the diagonal matrix). We simulate this by defining
the listcomponents= {s, d}. A generic step similar to (14) is defined withbeing the first or last component of
componentsThe variableoffsetis defined to offset arguments &fart as applied tacomponentsaccording to
whethers or d is the variable to be changed. When all the intermediate steps have been found, the lazy steps are
prepended, and the scaling steps are found using the final diagonal matrix. If one wishes to implement the lifting
steps in another language, the outputokifting can serve as pseudocode.

A Mathematicareplacement rule is defined to simulate theperator as defined in (10). This rule is applied
to all the steps of the transform, after some algebraic simplification to ensure the replacement rule will function
properly.

A slightly different notation from that used in [2] was developed, in order to be more conducive to programming,
since superscripts are difficult for computer algebra systems to distinguish from exponents. The ndtatidn
‘d’ is still used to denote ‘signal’ and ‘difference’ terms respectively. Also in [2] subscripts were used to denote
intermediate steps. As we have seen, these are unnecessary, because we can overwrite the old values at every step

TheInverseLiftingmodule finds the steps of the inverse wavelet transform given the forward steps. We do not
solve any equations, but instead ysstern matchingandreplacemen{l16]. The module first reverses the order
of the steps and converts them to equations, dropping the lazy steps. This is done because it is syntactically more
difficult to carry out replacements on rules. It works by recognizing typical intermediate steps and typical scaling
steps, and replacing them with their inverse. The final operation is to replace steps of theforns; with the
equivalent step; — s;—1, for the sake of form and programming. Note that the replacement is applied to all the
steps, although it will only be needed for the last two (the inverse scaling steps). This is not a serious problem,
since even for the longest practical filters the number of lifting steps is relatively small.

4.7. ToMathematica module

Once the lifting steps have been found, it is helpful to be able to test them by carrying out wavelet transforms
as required. It is a relatively straightforward matter to convert to themNtathematicaform. The first is simply
a replacement of the symbols used in the general notation to that ugddtbgmaticaln particular, there is no
need to refer explicitly to list positions, since we can carry out operation on all list elements in parallel, and shifts
are indicated by thRotateLefandRotateRigntommands. The user can then copy the output from this command
and create a new module from it to carry out one stage of the algorithm. The wavelet transform can be carried out
on a list by using\estListcombined with the resulting module.

When the replacements have been made, we only need to add in the trivial steps that occur in the forward or
inverse transform. Specifically, if we are carrying out the forward transform, we add the preliminary lazy steps, and
if we are carrying out the inverse transform, we must include a final joining step.

The syntax to convert the inverse ktathematicaform is ToMathematicagxpr, Inverse— Trug], and where
there is no second argument, the default conversion setting is to find the forward transform.

5. Examples

In this section the use of the program is demonstrated with examples.
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5.1. D4

Consider the factorization of D4, the basis given in the example of 82.5. We create the list of four nonzero
coefficients, needed for polynomial reduction procedures, as:

In[4] := H := Table[h;, {i, 0, 3}]

The filters are

— _ hl h2 h3.
In[5] := h{z_]1=ho + St

In[6] := glz_] = Collect{z~*h[-z"1], 2]
h
Out[6]= — haz® + hoz — h1 + ?0

and so the polyphase matrix is

In[7] := P[z_] = Polyphasdz]
ho + hz—z —h1 —zh3

out[7] = ;
hi+ 2 ho+zh2

which can be compared with Egs. (5) and (6). We run the Euclidean algorithm on the low-pass polyphase
components — the entries of the first columnAgt]. Finding all factorizations gives;
In[8] := (AllFacts = EuclideanFactorisatior
{P[zI[[1, 111, PIz][[2, 111}, EliminationBranch — All,
PolynomialReductior{#, DaubechiesZerofH], H]&1)//
ColumnForm//Simplify

{{1+ 1 z—4ﬁ(z+1)h3—1} 1}
2V/2h3’ 4z " 4h3

{ { 2@14:1133’ %1(91 - b+ vaa- 3Z)h3}’ 2J2 1— 4zhs }
out[g] = { { —8v/2h3z + 5z + 4’ 32(v/2(1 = 72) + 4(5z — L)h3) } 4h3 }
9z — 12v/2zh3 16h3 3z2(44/2h3 — 3)
H —4z+8V2h3+1 V2(z+1) + 4z +3)hs3 } 27(v/2 — 2h3) }
4V2h3+1 8z2(v/2 - 2ha) 4\2h3+1

where the first elements are the lists of quotients and the last elements are the gcds.

Note that although these expressions are fairly complicated, only one of the filter coeffigigrappears. The
number of factorizations is in agreement with the argument in §3.3, W84~ = 4. Note that although the gcds
appear quite different in each case, they are all monomialsamd so are all the same up to an invertible factor.
Each of the four factorizations above would give rise to a different set of lifting steps, but all are implementations
of the same transform.

Let us now construct the lifting implementation of the first factorization. We find the polyphase matrix
factorization:
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In[9] := PolyphaseFactorisatiofiP[z], AllFacts[[1]],
PolynomialReductiori#, DaubechiesZerofH], H]&]

1 1 0
Out[9] = (1 1+ 2&}:3) . oy
0 1 —V2h3+ ——F2 41 1

1 1 1
(T 2 T e .(—m 0 )
0 1 0 —4h3

To simplify the factorization we substitute the exact valué9f5]:

IN[10] := MatrixFactorisation =

% /.hz3 — z_—g//Simplify //RootReducg/ToRadicals

ounor= (5 %) (adaz 9)-(2 ) (257 5%0)

and from this we get the lifting implementation:

In[11] := (LiftingSteps = MatrixFactorisation //ToLifting )//ColumnForm
Out[11]= s; < xy

dp < x2141
di <—d; — \/§s1

3d K
\/; l +<——+—)d1+1+51

2 4
dy <—d;+si-1

N

S| < 2+\/§S1

dy /2 — /34,
5.2. Inverse D4 transform

We find the inverse of the above lifting implementation of the D4 wavelet transform:

In[12] := LiftingSteps//InverseLifting //ColumnForm
d
out[12]= dj « ——=

[

81
5] ——

V2+4/3

dy <d;—sj_1

323



324 M. Maslen, P. Abbott / Computer Physics Communications 127 (2000) 309-326

1 1 3
VRS —Z«/—3d1 - (— 5T T)dzﬂ-l—Sz
d; <—d1+\/§s1
X241 < dj
X2 < 8]

Observe that the inverse is just as simple as the forward transform.
5.3. D10

Computing the factorization of D10 numerically clearly shows the benefit of using this program. With the D10
coefficients as
In[13] := D10Coefficients
Out[13]={0.1601020.6038290.7243090.138428 —0.242295
—0.03224490.0775715-0.00624149—-0.01258080.00333573

we again construct the polyphase filters and matrix:

In[14] := h[z_] = D10CoefficientsTablgz™, {i, 0, 9}1;
In[15] := g[z_] = Collect{z~*h[-z"1], z];
In[16] := P[z_] = Polyphaségz];

Note that there are a large number of factorizations;

In[17] := (AllFacts = EuclideanFactorisatior{{P[z][[1, 11, P[z][[2, 111},
EliminationBranch — All, Chop])//Length
Out[17]=108

again in agreement with §3.3 viz.3#~1. We examine two of these, each with constant gcd. The following
factorization would be numerically unstable;

In[18] := AllFacts[[2]]
.8781
Out[18]= { { —0.265145—-0.499843~ wg
Z

457871 1.00854x 1079

— 212910 4.69682x 1076 — 0T Y
Z Z

1.25669x 10

Z

— 4.16681x 100 — } —2.4687x 10—6}

whereas the following factorization should be stable:

In[19] := AllFacts[[54]]

3.03369 7.59758

2 - )
z

Out[19]= { {3.77152 0.0698843 — 0.247729
Z

0172573 1.10315
0.0157993° — 0.05039642, ——— — ~— },0.347389}
Z Z



M. Maslen, P. Abbott / Computer Physics Communications 127 (2000) 309-326 325

In general, it is preferable to have as many coefficients as possible close to unity. It is clear that in this case there
are several factorizations that do not satisfy this criterion; this shows the advantage of non-unique factorization.

5.4. Cohen-Daubechies—Feauve&dLR) filter

We now demonstrate that the program works for non-orthogonalfilters. The Cohen—Daubechies—RdaRyeau
(CDF (4, 2)) filters are given by

In[20] := h[z_]= £(40+ 5z4+2z2 Y -12+77%) + 3 +279));

In[21] := glz-]1= %(Z"3 — 4724671 -4+2).

The polyphase matrix is guaranteed to have monomial determinant, in fact we require it to be unity [2]. This
is achieved by dividing the entries of the second column by the determinant. Substitution of the appropriate
coefficients will verify that the D4 and D10 polyphase matrices had determinant 1. For the 4 DFfilter,
the determinant is-1, so we reconstruct the polyphase matrix as

In[22] := P[z_] = Polyphasgz]
— 3 4 5 3 1 1
out[22] = , W2 22 AV V2 2V2 '
3z + Sz +L+i L_i_i_i_L
16v2 © 16v2  16V2  16V2: 82 @ 4V2 ' 8J2:
We note that in this case, has degree greater than thatigf In this case the first quotient is zero, [2]; this is
allowed for in the program.

In[23] := EuclideanFactorisation{P[z][[1, 1]], P[z]I[2, 11I},
EliminationBranch — {EliminateHigh, EliminateEndsMatchLow,
EliminateEndsMatchHigh, EliminateHigh}]

~ : 1 13 3
Out[23]—{{O,—Z—Z,—l—g,l—G—i-l—G},Zx/é}.

This gives rise to the polyphase matrix factorization:

In[24] := PolyphaseFactorisatiofiP[z], %]

11 2v2 0
ouzn=( 1y 3) (5 ) (s1s 1) (0 )
We find the total number of factorizations:
In[25] := EuclideanFactorisatior{{P[z][[1, 11I, P[z][[2, 111}/ /N,
EliminationBranch — All, Chop]//Length
Out[25]=9

Given that we have effectively reversed the order of the starting Laurent polynomials, this agrees with the analysis
of §3.3, viz. $=0.
6. Conclusion

The program finds all factorizations of two Laurent polynomials using the Euclidean algorithm with degree 1
quotients, and can display the matrix factorization of a polyphase matrix. Conversion of this factorization into a
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sequence of lifting steps was automated, as was conversion of the lifting step4aititematicainput form. The
inverse of a given wavelet transform can be found either in general formMdaihematicaorm.

The ability to provide exact factorizations for bases suctlDas was enabled through the use of polynomial
reduction with Grobner bases. This uses the relations between the filter coefficients, and, as a result, we can
obtain an exact factorization for a basis such as D8 in terms of only one of the filter coefficients, even though
the coefficients themselves cannot be calculated exactly. Future research efforts in this area could investigate the
use of quotients whose degree is greater than one. This would preclude in-place implementation, but may lead to
factorizations which are favorable in other ways. As noted previously, higher degree quotients would be necessary
to factorize two Laurent polynomials whose degrees differed by more than 1. Integer to integer transforms could
also be incorporated into this new implementation of lifting [14]. Choosing the optimum factorization for a given
purpose was not investigated in detail, and the question of what makes a ‘good’ factorization is very much an open
one. For example, it is preferable to have as many coefficients as possible of the order of unity, but there are no
well-defined criteria for deciding whether the given coefficients are too big or too small. This issue may best be
investigated by those applying this method to a particular task.
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