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CHAPTER X

Introduction to Wavelets

Abstract. This chapter introduces the relatively recent subject of wavelets, which is an outgrowth
of Fourier analysis in mathematics and signal processing in engineering. Except in one case,
construction of examples of wavelets tends to be difficult. Much of the chapter is devoted to
construction of some of the better known examples and lists of their most important properties.

Section 1 defines wavelets and discusses three features of traditional Fourier analysis: the
Uncertainty Principle, Gibbs phenomenon, and the Shannon Sampling Theorem. It ends with a
brief essay on the need for wavelets in various applications.

Section 2 establishes that the Haar system is an orthonormal basis of L2(R). The Haar wavelet
predates the general theory of wavelets by many decades but provides a prototype for some of the
development. The section ends with some discussion of convergence of one-sided Haar expansions
for function spaces besides L3(R).

Section 3 begins the general theory of wavelets, introducing the notion of multiresolution analysis
to abstract the construction in Section 2 of the Haar wavelet. The ingredients of a multiresolution
analysis are a scaling function, traditionally called ¢, and an increasing sequence of closed subspaces
Vj of L?(R) with certain properties. The wavelet that is constructed is traditionally called .

Section 4 introduces the Shannon wavelet, whose construction is immediate from the theory of
multiresolution analyses. The new ingredient here, beyond the ideas used for the Haar wavelet, is
the careful use of the generating function of the scaling function to obtain a formula for the wavelet.

Section 5 supplements the theory of Section 3 by showing how to build a multiresolution analysis
out of a candidate for the scaling function.

Section 6 introduces the Meyer wavelets, each of which is smooth and has Fourier transform of a
prescribed order of differentiability. The full theory of Sections 3 and 5 is used in their construction.

Section 7 introduces splines, examines one example, and sees the need for more theory. It
develops one further aspect of the general theory, showing how to replace a “Riesz system” with an
orthonormal set. It therefore allows one to relax the conditions needed in Section 5 for a function to
be a scaling function. In addition, it uses elementary complex analysis to prove a series expansion
for w2/ sin® 7z that is needed in Section 8.

Section 8 continues the discussion of the role of splines in the theory of wavelets, introducing
the Battle-Lemarié wavelets. As with the Meyer wavelets each is smooth and has Fourier transform
of a prescribed order of differentiability.

Section 9 develops the Daubechies wavelets. These have compact support, but except for the first
one, neither they nor their Fourier transforms have known formulas in closed form. The construction
begins by pinpointing necessary conditions on the generating function.

Section 10 deals with smoothness questions. It contains three results. The first gives an estimate
for the decay of the Fourier transform of the Daubechies scaling function of each order. The second
deduces a certain amount of differentiability of a scaling function from the estimate in the first
result. The third shows in the converse direction that a Daubechies wavelet can never be of class
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1. Introduction 435

C®. The section concludes with a table summarizing properties of the specific wavelets that have
been constructed in Sections 2-9.

Section 11 gives a quick introduction to applications. It discusses the discrete wavelet transform
and its use in storage and compression of data, it identifies some applications of wavelets in one and
two dimensions, and it makes brief remarks about some of the applications.

1. Introduction
For current purposes a wavelet is a function v in L?(R) such that the functions
Via(x) =272y 2x — k)

form an orthonormal basis of L2(R) as j and k range through Z. Such wavelets
are called “orthogonal” and “one-dimensional” by some authors. We postpone
consideration of modifications of this definition to Section 11 at the end of this
chapter.

Corresponding to a wavelet ¥ is the wavelet expansion

fx) = .kZZ (fo FOIjx () dy) W)k (x),
J.ke

the series being understood as convergent in L?(R), independently of the order
of the terms. Wavelet expansions allow one to isolate certain hidden features
of functions, much as Fourier expansions do, the particular features depending
on properties of . Examples of wavelets and their properties will be discussed
beginning in Section 2.

To have a practical guide for the theory, it may be helpful to regard a given
L? function as a “signal,.” a function of one real variable ¢ that represents time.
The values of the function represent a voltage, positive or negative, or perhaps
a mechanical analog of such a voltage. Let us digress for the time being to
consider the role of traditional Fourier analysis in understanding such a signal.
If we consider the function on all of R, the Fourier transform has frequency as
its variable. Alternatively we can think of masking the function, looking at only
those values of ¢ in an interval. If we take that interval to have length 27, then
we can form the Fourier series of the restricted function, and the variable in the
result will be the subscript on the Fourier coefficients, telling what multiple of a
fundamental frequency is under consideration. Or if we allow ourselves intervals
of a more general length T, then we get the kind of Fourier series appropriate to
functions of period T.

A two-dimensional analog of a signal is a representation of a two-dimensional
picture. If the picture is in black and white, the value of the function at a point
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can be the intensity of light at that point. If the picture is in color, the value of
the function can be a three-dimensional vector representation of the red, green,
and blue values at that point, or by a change of variables, the luminance, the blue
chrominance, and the red chrominance values at that point.

Let us begin by mentioning three relevant features of traditional Fourier anal-
ysis in this setting. The Fourier transform on L2(R) is the continuous extension
F from L'(R) N L*(R) to L>(R) of the linear function

f f  givenby flw) = / f)e 27 gy,
R

Then F is a continuous linear function from L?(R) onto L%(R), and it satisfies
IFfll, =11 fll, forall f e L?(R). Normally we use F to refer to all versions of
the Fourier transform, completely avoiding using the notation -

The first feature of traditional Fourier analysis is the Uncertainty Principle,
which says in effect that the amount of detail detected in the time domain limits
the amount of detail detectable in the frequency domain. Since our interest is
only in illustrating the principle, it will not be necessary for us to seek maximum
generality. Accordingly we formulate this result as follows. Fix a member f
other than O in the Schwartz space S(R). Then 7/ (¢) and w F f (w) are in S(R),
and we can define “mean values” #y and wg of t and w by1

to=||f||2_2/Rt|f(t)|2dt and wo=||f||2_2/Rw|ff(w)I2dw,

as well as variances in ¢ and w by

of, = 1£15 /R t — )| fO1dt, of,=Ifl3 /R (@ — 00)’| Ff (@) do.

Proposition 10.1 (Uncertainty Principle). If f is a nonzero member of S(R),

then .
O’f% taf% w = @

REMARKS. The quantity o, is to be regarded as a measure of the time duration
of the signal f (), and oy, is to be regarded as a measure of the frequency
dispersion or bandwidth of the signal. The inequality in the proposition is not
the only limitation on the time duration of f(¢) and the dispersion of F f (w); for
example, if f has compact support, then F f extends to be analytic in the whole
complex plane, and the zeros of F f therefore cannot have a limit point anywhere
on the real axis unless f = 0.

IThese are the mean values, in the sense of Chapter IX, of the random variables # and w relative to
the probability distributions || fl5 2| f (")|?dt and || fly 2|f f(a))l2 dw, respectively, and similarly
for the variances lower down.
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PROOF. We treat first the special case that ) = wy = 0. Let f’ be the derivative
of f. Since Ff'(w) = 2mwiw Ff(w), we have
If1507,07, = [z ltf O dt [y loFf (@) do
= Q2n) 7 [ ltf P dt [ |Ff (@) do
= Q)7 [pltf 0P dr [y 1f/ ()7 dt
= )7 [y (tf OF @) dr[*
= m)2| L3 (FOF O+ FOF®) di|
= @07 fp st (F0TO) dr,
the inequality holding by the Schwarz inequality. In the integral on the right
side, we integrate by parts, differentiating %t and integrating % ( f (t)m). The

integrated term is O because f is a Schwartz function, and the right side simplifies
to

= Lm)2| o —If 0O PRdi|* = Lem) 2 £1.

Thus

2 2 |
> 1
01190 = Téx2°

and the proof is complete under the assumption that #y = wy = 0.
For the general case, we consider the function

g(t) = e 7N f(t + 1),

which has ||gll, = | f]l, and Fg(w) = e>*@t@)0) Ff(w + ay). For g, the
mean value of ¢ is

e = 1£1I57 fp t1g(®)* dt
= I1£15° fpt1f(t +10)* dt
= I1£13° fgt — )| f@))?dt =19 — 19 =0,
and the mean value of w is
oo =f157 [p|Fg)dw
= 1£1I5? [z @ |Ff (@ + wo)* do
=115 Jpl@ — 00| Ff (@) do = wy — wy = 0.
The special case therefore applies to g. The variance in ¢ for g is
o, = llgly? [pt =0 1g)Pdt = I f1157 [ 21f (¢ + 1) dt
= I15% [o ¢ — ) f@)*dr = o7,
2

and similarly the variance o, , in w for g equals afw. Hence the conclusion in

the special case of g gives the desired inequality for f. (]
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The second feature of traditional Fourier analysis is Gibbs phenomenon.
Informally this is the statement that the partial sums of the Fourier series of a
nice real-valued function with a jump discontinuity overshoot the expected limit,
above and below, by about 9%. The more precise statement is in Proposition
10.2.

(@) 2, b
bl
2
1

1.7

1 é 3 1.6

2

1.5

1.4

0 0.05 0.1 0.15 0.2 0.25 0.3
(C) nci2 (d) nci2

0 0.050.10.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3

FIGURE 10.1. Gibbs phenomenon for the partial sums of the Fourier series
sy(f;x) when f is continued from %(n —x) with 0 <x <27
so as to have period 2. (a) Graph of s30(f; x). (b) Detail in graph
of s30(f; x), C being &~ 1.179. (c) Same detail in graph of s120(f; x).

(d) Same detail in graph of s4g0(f; x).

Proposition 10.2 (Gibbs phenomenon). Let f be a real-valued periodic
function of period 2. Suppose that f is of bounded variation and has an
isolated jump discontinuity when ¢ = fy; specifically suppose that the jump
J = lim; ) f(t) — limyyy, f(2) is > 0. If sy(f;¢) is the partial sum of the
Fourier series of f at ¢, then

Nli—r>nooSN(f; fo + %) — Nli_r)noosN(f; to — %) = CJ, the limits existing,

where C = 2 [ (sint)/t dt ~ 1.179.
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REMARKS. Thus the overshoot above and below is at least by half of .179 times
the size of the jump. The overshoot is illustrated in Figure 10.1, which shows a
graph of the 30" partial sum, together with enlargements of a certain portion of
the graphs of of the 30™, 120", and 480" partial sums.

PROOF. Let g(¢) be the periodic extension of the function that equals %(n —1)
for 0 < ¢t < 2m. This is periodic of period 27, is of bounded variation, and is
continuous except at the multiples of 277, where it jumps by 7. Thus the function
h with h(t) = f(t) — m~'Jg(t — 1) is of bounded variation and is continuous
is an interval about t+ = ty. By Theorem 6.55 of Basic, the Fourier series of &
converges uniformly to % in an interval about fy. Consequently it is enough to
consider the function g and the point #y; in this case the jump is J = 7.

. . . . . X sinnt
From Section 1.10 of Basic, the Fourier series of g is Y I sy(g;t)

n=1

denotes the N'' partial sum of this series, then

N sin(nz/N)

sn(g /Ny =)

n=1

which is a Riemann sum for the Riemann integral of the continuous function
(sint)/t from O to . The partition is equally spaced with mesh /N, and the
function is evaluated at the right-hand endpoint of each interval of the partition.
By Theorem 1.35 of Basic,

. . _ s i _
Nh_l)noosN(g, n/N) = [; ¥dr =3C,

with C as in the statement of the proposition. Since the periodic function g(x) is
odd, we similarly obtain

1\]1i_r)noosN(g; —n/N) =—-3C.
Therefore
lim sy(g;7/N)— lim sy(g; —n/N)=nC,
N—oo N—o0
as asserted. U]

The third feature of traditional Fourier analysis concerns “sampling.” As a
practical matter, signals in engineering cannot be expected to be known exactly.
Realistic information about the signal can be obtained only at certain instants of
time, possibly instants that are very close to one another.> To what extent does

2 Actually what seems to be the value at an instant of time may really be a kind of average over
a very short interval, but we shall ignore this distinction.
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the sampled version of the signal determine the signal exactly? The Shannon
Sampling Theorem gives an answer. It assumes that the signal is “band-limited,”
i.e., its Fourier transform vanishes outside some interval. This is a reasonable
assumption in practice, since each piece of equipment for studying signals has its
own limitations in coping with high frequencies.

Proposition 10.3 (Shannon Sampling Theorem). Suppose that f is a member
of L*(R) whose Fourier transform Ff vanishes outside the interval [— % Q, %Q].
Then f can be taken to be smooth and satisfies

> k\ sin(mw (2t — k))
r0=% 1(a) S@-n

the series being convergent in L?(R) and also uniformly convergent in .

PROOF. Until the very end we assume that Q = 1. Since Ff is in L*(R)
and has compact support, it is in L'(R), and we can recover f from it almost
everywhere by means of the formula

f@) = [ (Ff)(w)dw = f,{/z MN(Ff) () do. ()
From this formula it follows that f in the variable ¢ is the restriction to R of an
entire function; in particular, f is smooth, and (x) holds for every ¢. Since Ff
is supported on [—%, %], we can treat it as an L? periodic function on [—%, %] of
period 1, and we can expand it in Fourier series as Ff(w) = Y ;o cxe?™ ke,

the series convergent in L*([—1, 1]). Here ¢, = f_lﬁz(]-"f)(w)e*hikw dw =
f(—k), the second equality holding by (x). Thus the Fourier series expansion of

(Ff)(w) is
.7:f(a))= io: ckeZnika)z io: f(_k)62nikw= io: f(k)e—Znikw' (**)

k=—00 k=—00 k=—00
Substituting () into () gives
1/2 1/2

f@& = [, (FH@do = [, k_f [P0 de. (%)

If we allow ourselves to interchange sum and integral on the right side and if we
assume that ¢ is not an integer, we see that (t) is

> 172 ;
— Z f(k) f—1/2 eZm(t—k)w dw
k=—00

pTit—k) _ p=mi(t—k)

e

2wi(t — k) ]

= ¥ @l

k=—00

_ i £ sin(t — k)

W t—k)
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as required.

Under the assumption that 2 = 1, we are left with justifying the interchange
of integral and sum on the right side of (1) and with addressing the restriction
t ¢ Z. Let Ig(w) be the indicator function of [—1, 1], and define ¢, as above.
Put

N N
fu ) = F (Ip@) X e )0 =F (Ix@ 3 fHET) ).
=—N

k=—N

N .
Since Ig(w) Y cre®™ % tends to Ir(w)(Ff)(w) in L? and is supported in the
k=—N
fixed bounded set E, it converges also in L 1 and it follows that its inverse Fourier
transform fy (¢) converges uniformly to f(z), as well as in L>(R). The above
interchange of limits works for fy because the sum is a finite sum, and thus we

obtain
N

I =" fk)

k=—N

sinm(t — k)
w(t —k)

for every N. Use of continuity shows that we do not need to assume t ¢ Z.
Letting N tend to infinity, we obtain the desired identity for €2 = 1 with uniform
convergence and convergence in L2(R).

For general €2, suppose that f has Ff(w) = 0 for |w| > %Q Put g(¢r) =
Q7' £(Q7'1), so that (Fg)(w) = (Ff)(Qw). Then (Fg)(w) = 0 for |o| > %
and the case proved above applies to g. Then we obtain

sin(t — k)

80 =D 80—

k
Substitution gives

1 i el _1,.sinm(t —k)
Qlf@ 'y =2 ;ﬂsz Do

Multiplying both sides by €2 and replacing ¢ by Q¢ completes the proof. (]

We turn now to wavelets. The subject of wavelets has grown out of many areas,
theoretical and applied, and some of the background is quite deep. For example,
the dilations by powers of 2 that enter the definition are motivated to an extent
by Littlewood—Paley theory, a part of Euclidean Fourier analysis beyond what is
discussed in Chapter III of this book. Our approach will be to take the resulting
theory as a subject on its own, often without presenting the deep motivation for
particular definitions.
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Many of the applications of wavelets are to problems of analysis and/or
compression of data, possibly with noise reduction. A traditional example of
compression, from the days when telephone calls were transmitted over copper
wires, is how the voice signals of telephone calls were handled. The telephone
company was not content with sending just one signal over a wire. It wanted
to send many signals simultaneously. To do so, it filtered each conversation to
eliminate frequencies other than those between 300 and 2700 cycles per second
and then multiplied the signal by a high-frequency carrier wave to obtain a signal
in a high-frequency band of width 2400 cycles per second. Allowing different
bands for different conversations allowed it to transmit many conversations at once
over the same wires. Some information was lost during this step of compression,
including all frequencies outside the band 300 to 2700 cycles per second.

In the setting we are studying, the data can be in analog form, as was the case
in the example just given, but let us think of the given data as digital. In the
one-dimensional case we then have a digitized signal, perhaps of speech or music
or some other kind of sound. In the two-dimensional case, we have an image,
perhaps the photographic image produced by a digital camera or an image of a
fingerprint. We want to know what is happening in the signal and to process the
signal accordingly, perhaps enhancing some parts of it and damping other parts.

If traditional Fourier analysis is to be used, then any compression will likely be
achieved by discarding high-frequency information. For example, the JPEG file
of a digital photograph® is obtained by treating the image as built from squares
of size 8 pixels by 8 pixels, doing a discrete Fourier analysis on each piece, and
discarding some information. For most photographs this method of compression
is perfectly adequate, but interactions occur at the boundary between adjacent
8-by-8 squares. At high compression ratios these interactions can produce a
visible effect known as “blocking,” and the result can sometimes be disconcerting.
On an image like that of a fingerprint, JPEG is distinctly inadequate.

In any of these situations the theory of wavelets is available to handle the
analysis and/or processing in a different way. Different wavelets have different
advantages, and one may want one kind of wavelet for one situation and another
kind for another situation. One study of speech* for designing hearing aids
classified short intervals of speech into four possible kinds—*“voiced, plosive,
fricative, and silent segments” —and it proceeded from there. One of its tools
was the Daubechies wavelet of order N = 3.

Over the next nine sections we shall construct directly certain wavelets and

3«JPEG” stands for Joint Photographic Experts Group. The committee has a website, namely
https://jpeg.org.

4B. T. Tan, R. Lang, Heiko Schroder, A. Spray, and P. Dermody, “Applying wavelet analysis to
speech segmentation and classification,” Proc. SPIE (International Society for Optical Engineering)
2242 (1994), Orlando, FL, 750-761.
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families of wavelets, extracting properties of each. We construct the first histor-
ical example of a wavelet in Section 2 and develop a fairly general method of
constructing wavelets in Section 3. Subsequently we shall make refinements to
the construction. Applying the method and its refinements, we obtain several im-
portant explicit families of wavelets in Sections 4-9. All along, we shall observe
certain properties of these families; these properties influence the usefulness of
the various families for certain kinds of applications. Section 10 completes the
derivation of the properties, and a table listing the names of the families and
summarizing the properties appears as Figure 10.18.

In Section 11 we shall take a look at the wavelet transform. Analyzing the
nature of the transform and of its calculation gives an inkling of how to take
advantage of wavelets in analyzing signals. At the end of the section, we
make some remarks about one-dimensional applications and also about two-
dimensional wavelets and their use in improving the JPEG algorithm and the
compression of fingerprint records. The applications to images involve a new
wrinkle in that the sight of asymmetries appears to be more noticeable that one
might at first expect. As a result it is desirable for wavelets involved in image
processing to be symmetric in a certain sense. This symmetry is impossible for
compactly supported orthogonal wavelets, and some relaxation of the definition
is warranted.

In the end, analysis using wavelets is one tool in signal processing; Fourier
analysis is another. There are also others. One should not think of wavelet
analysis as a substitute for these other methods, however. As Y. Meyer put it in
his groundbreaking book? listed in the Selected References, “But wavelet analysis
cannot entirely replace Fourier analysis, indeed, the latter is used in constructing
the orthonormal bases of wavelets needed for analysis with wavelet series.”

2. Haar Wavelet

The Haar system is the system of functions in L?(R) defined by

¥ (1) =27y @2/x —k)  for jandkinZ,

where v is the function in L?(R) defined by
1

1 if 0<x <37,
Yx) =3 —1 if%§x<1,
0 otherwise.

In this section we shall prove the following result and consider some of its
ramifications.

5Y. Meyer, Wavelets and Operators, p. 1.
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Theorem 10.4. The Haar system is an orthonormal basis of L?(R).

Therefore the above function ¥ is a wavelet for what is called the Haar system,
and one refers to v as the Haar wavelet. Any integer translate /o of ¥ = ¥,
would serve equally well for this purpose. The proof will make use of an auxiliafy
function ¢ in L?(R) called the scaling function for the system. The Haar scaling
function ¢ is the indicator function of the interval [0, 1), namely

1 if0<x <1,

px) = {

0 otherwise.

In notation analogous to that for i, we introduce the system of functions
@ (x) = 2227 x — k) for j and k in Z.

Graphs of ¢ and v appear in Figures 10.2a and 10.2b.

The details of the proof of Theorem 10.4 are of some importance for other
systems as well as the Haar system, and we shall therefore give the proof in steps
and extract some further information from it after it is complete.

(2) (b)
1.0 1.0
0.8
0.5
0.6
0.4 0.2 0.4]0.6 0.8 1fo 1.2
0.2 -0.5
0.2 0.4 0.6 0.8 1.0 1.2 -1.0
(©) ()
1.0 1.0
0.8 0.5
0.6
0.4 0.2 0.4]0.6 0.8 1j0 1.2
0.2 ~0.50
0.2 0.4 0.6 0.8 1.0 1.2 -1.0p

FIGURE 10.2. Graphs of Haar scaling function and wavelet.
@) p(x). (b)Y (x). (0) p(x) =¢(2x) +¢(2x —1).
(d) ¥ (x) = 2x) —p2x = 1).
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PROOF OF THEOREM 10.4.

Step 1. We prove that {‘ﬁj, «) 1s an orthonormal system.

The functions being real, we can drop all references to complex conjugation.
Using the change of variables 2/x — k = y, which has x = 27/(y + k) and
dx =27/ dy, we examine the integral

S Vi OV, () = [ 2029 20x — k)Y (2"x — n)dx,
= [ 22y ()Y 2" (y + k) — n) dy.

If j = m, this reduces to
= ¥OMY G +k—n)dy;

for k = n, the integrand is ¥ (y)> = ¢(»), and the integral is 1, while for k # n,
the two factors of the integrand are nonzero on disjoint sets and the integral is O.
If j # m, we may assume by symmetry thatr = m — j is > 0. Then it is enough
to show that

Je YWY @y +0)dy
is 0 for r > 0 when ¢ is any integer. Under the change of variables 2"y + ¢ = u,
dy = 27"du, this integral becomes

= Py @y+ndy— [, v@y+1)dy

=27 [T Yy du — 27 [2 v du.

Each of the integrals on the right side is an integral of ¢ over an interval of integer
length, and any such integral is 0. This completes the proof of orthonormality.

Step 2. If Vj is the closed subspace of members of L*(R) that are constant
almost everywhere on each interval [k, k + 1) with k in Z, then the functions
X > @(x — k) form an orthonormal basis of V.

In fact, the function x +— ¢@(x — k) is 1 on [k, k 4+ 1) and is O otherwise.
Its square integral is therefore 1, and the inner product of any two distinct such
functions is 0. Thus the set of functions x — ¢(x — k) is orthonormal. Since
the vector space of finite linear combinations of the functions x — ¢(x + k) is
dense in Vj, it follows that the set of functions x — @(x — k) is an orthonormal
basis of Vj.

Step 3. We construct some closed subspaces V; of L2(R) for j > 1, we observe
for each j that the functions ¢; x, as k varies, form an orthonormal basis of V;,
and we note some properties of V;.
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We let V; be the set of functions in L?(R) that are constant almost everywhere
on each interval [27/k, 27/ (k + 1)). Then it is plain that for all j > 0,

Vi & Vi ()

and
f()isinV; ifandonlyif f(2x)isin Vji. (k)

Arguing as in Step 2, we see for each j > 0 that the set of functions

X > @; ,(x) is an orthonormal basis of V;. (M

Step 4. We prove that | 72, V; is dense in L*(R).

In fact, suppose f € L%(R) is to be approximated, and let € > 0 be given.
Corollary 6.4 of Basic shows that Ccom(R) is dense in L?(R). Thus we can
choose g € Ceom(R) with || f — gll, < €. Let E be the support of g. Since
g is uniformly continuous on the compact set E and hence on all of R, we can
find a negative power of 2, say 27/, small enough so that [x — y| < 27/ implies
lg(x) —g(y)| < €/|E|'/?, where |E| is the measure of E. Define a function /(x)
to equal g(n2~!) for n2~/ < x < (n+ 1)27". Then h is in V;, and h satisfies an
estimate

lg(x) — h(x)] = |g(x) —gm27)| < €/|EI'*  for x € [n27!, (n+ 1)27")
and hence for all x. Then
lg — hll3 < |El(e/1E|"?? < €2,

and hence ||g — |, < €. Therefore || f — hll, < 2¢, and U;io V; is dense in
L*(R).

Step 5. We construct some closed subspaces W; of L?(R) for j > 0, and we
examine the properties of W;.

Let us define W; for j > O to be the orthogonal complement of V; in V;,.
For j > 0, let us check that

fx)isin W; ifand onlyif f(2x)isin W;4. 1)

In fact, if f(x) isin W}, thenitisin V;, ;. So f(2x) isin V;». If g(x) isin Vjy,
then g(3x) isin V; by (), and it has [, f(2x)g(x)dx =2 [, f(x)g(3x)dx =
0. Hence f(2x) is in the orthogonal complement of V| in V1, whichis W,;.

In the reverse direction if f(2x) isin W;, then f(2x) is in V;1», and (%)
shows that f(x) is in V;;;. Every g(x) in V;; | has 0 = fR f2x)g(x)dx =
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%fR f(x)g(%x) dx. The function g(%x) is the most general element of V; by
(%), and thus f(x) is in W;. This proves (7).
Let us write L for orthogonal direct sum. For n > 0, we then have

Vi = anl L anl = Vi 1 (Wn72 1 anl)
=V,3 L (Wn—3 LWy LW, )
==L W LW L. LW,). €3

Step 6. We observe that ¢ is in Vp, that i is in V|, that the functions ¢ and ¥
satisfy the equations

P(x) = p(2x) + 9(2x — 1)
and ¥(x) = p(2x) — p(2x — 1),

and that v is in Wy. These equations are reflected in the graphs appearing in
Figures 10.2c and 10.2d.
The facts that ¢ is in Vj and ¢ is in V) are clear from the definitions. Now

(22) { 1 if 0<x < %,
xX) =
¢ 0 otherwise,
and
@x—1) { 1 ifi<x<l,
X — =
¢ 0 otherwise.

Their sumis 1 for 0 < x < 1 and thus equals ¢(x), while their difference is 1 for
0<x < % and is —1 for % < x < 1 and thus equals ¥ (x). For inner products
we have

o V) = Jpox =W @) dx = [ y(x) dx,

and this is O for all k; for kK = 0, it is 0 because 1 has integral 0, and for k£ # 0,
it is 0 because the set where v is not 0 does not meet [k, kK + 1). Thus v is
orthogonal to every member of the orthonormal basis of Vj given in Step 2. Since
Y is known to be in Vi, ¥ is in Wj.

Step 7. We show that the functions x +— ¥ (x — k) form an orthonormal basis
of Wo.

Being nonzero on disjoint sets, they are orthonormal. Let f be any member of
Wy. Since W, is contained in Vi and since the functions ¢, , form an orthonormal
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basis of Vi, f is of the form

fx) = szck(P],k(x) = Z Ckﬁol,k(x) +kz Ck(pl)k(x)

k even odd

=2 Y cup@x —20) + V2 Y cxip2x — 20— 1)
l I
= ? ; (cu + cup) (9(2x = 21) + (2x — 21 — 1))
+ % Xz: (e — cup) (9(2x —21) — (2x — 20 — 1))

=2 Yea+caps =) + 2 Y e = car)¥ & D).

the last equality holding by Step 6. Since f is orthogonal to Vj, taking the inner
product of both sides with any particular ¢(x — /) shows that the coefficient of
¢(x — 1) is 0. That being true for all /, f is exhibited as in the closed linear span
of the functions ¥ (x —[).

Step 8. We show that for each j > 0, the functions w, 4> as k varies, form an
orthonormal basis of W;.

In fact, this is immediate from (1) and Step 7.

Step 9. The functions ¢, , for k € Z and the functions vk forj >0andk € Z
together form an orthonormal basis of L?(R). Here the @ form an orthonormal
basis of Vp, and the other functions form an orthonormal basis of the orthogonal
complement of Vj in L*(R).

The functions Po.x for k € 7 and the functions ‘Pj, (for0 < j<n-—1and
k € Z together form an orthonormal basis of V;, by (¥), Step 2, and Step 8.
Taking the union on j of the nested spaces V; and applying Step 4, we find that
the functions ¢, , for k € Z and the functions Wj, i for j > 0 and k € Z together

form an orthonormal basis of L?(R).

Step 10. We extend the definitions of the spaces V; and W, to j < 0, and we
observe that (x), (xx), (1), (1) extend to be valid for all j, and (f) has a natural
extension to handle the extended definitions.

The space V; is the set of functions in L?(R) that are constant almost every-
where on each interval [27/k, 27/ (k 4 1)), and the space W; is the orthogonal
complement of V; in V;. Then it is immediate that (x), (*%), (), (TT) extend
to be valid for all j. The extended form of (%) is

Vi =Vyu 1 (Wm L Wm+1 L1 Wn—l) form < n, (ii)

and this too is immediate.
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Step 11. The functions ¢, , for k € Z and the functions wj’k for j > m and

k € 7 together form an orthonormal basis of L?(R).
This is immediate from Step 9, the extended Step 8, and (i%).

Step 12. We prove that (] V; = 0 for every integer n.

j=—00

In fact, let f be a member of ﬂ;’:_oo V;. Being in each V;, f is constant
almost everywhere on each interval [27/k,27/(k + 1)) for j < n and k € Z,
say equal to ¢; ;. If Ej ; denotes the exceptional subset of 277k, 27/ (k + 1)) of
measure 0 where f(x) # cjr and if E = Uj’k Ey. j, then E is a set of measure
0 and has the following property. For any x ¢ E, f is constantly equal to ¢;x
on all intervals [27/k, 27/ (k 4+ 1)) containing x. Fix xo ¢ E. We can choose
an increasing sequence of intervals [27/k, 27/ (k + 1)) containing xo and having
union R. The constants ¢;; for the members of this sequence must match the
value f(xp), and it follows that f is constantly equal to f (xo) almost everywhere.
Since the only constant function in L*(R) is 0, we conclude that ﬂ;:_ Vi =0.

Step 13. The functions ik for j € Z and k € Z together form an orthonormal
basis of L2(R).

From (4%) and Step 12 it follows that Vj is the orthogonal direct sum of
the spaces W_;, W_,, W_s,.... From Step 9 it then follows that L*(R) is the
orthogonal direct sum of the spaces W; for j € Z. By Step 8 the functions Wj, i

for j € Z and k € Z together form an orthonormal basis of L*(R). ([

As was mentioned in Section 1, corresponding to any wavelet v is the wavelet

expansion

FO) =X (o OV () dy); (),
J.kEZ

the series being understood as convergent in L?(R). This remark applies in
particular to the Haar wavelet vy (x), and the resulting series is called the two-
sided Haar series expansion of the function f. In a Haar series the complex
conjugate sign can be dropped because ¥ is real-valued, but we shall include it
anyway.

When writing down an expansion in Haar series, however, there is some
advantage in taking into account aspects of the proof of Theorem 10.4. The
proof was organized around a certain increasing sequence of closed subspaces V;
whose union is dense in L?(R). Let us see how these spaces include finer and
finer detail about f. The way in which the functions ¢; ; and v ; are defined
involves evaluating ¢ or ¥ at 2/x — k. It is helpful of this operation as one of
magnification, affecting the resolution of what we can see. Namely it is helpful
to think of the operation of passing from x to 2/x as one of magnifying a graph
by 2/ or of introducing better resolution so that details at the level of 2~/ become
visible.
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Let us be more specific. Step 9 observed that the functions ¢, , for k € Z and
the functions ¥, , for j > 0 and k € Z together form an orthonormal basis of
L?(R). The corresponding expansion is

f) = kz (I]R f(Y)(P(),k(}’) dy)‘l’(),k(x) + Z Z (fR f(y)wj,k(y) dy)wj,k(x)

= j=0 keZ

and is called a one-sided Haar series expansion of the function f. The first term
represents the orthogonal projection of f on Vj, and the second term represents
the orthogonal projection on the orthogonal complement of Vj.

This one-sided expansion is better than the two-sided expansion at emphasizing
that the large positive values of j correspond to what is happening as one passes
to the limit.

Step 11 of the proof gives another way of thinking about this process. It says
that for any m (think of m as > 0), the functions ¢, , and the functions Vik with

j > m together form an orthonormal basis of L?(R). Comparing the resulting ex-
pansion of f with the display above, we see that Y ( [z f ()¢, () dy)@,, ; ()
keZ

represents a partial sum of the one-sided Haar series expansion. It is in fact
the orthogonal projection of f on the subspace V,,,. Thus we can think of the
orthogonal projection on V; as giving a zeroth approximation to f. Then we

add the terms ) ( fR TV () dy)wo‘ «(x) and obtain the first approxima-
keZ '
tion to f, namely the orthogonal projection on V;. We continue by adding the
terms Y ( fR TV () dy) ¥, (x) and obtain the second approximation to
keZ

f, namely the orthogonal projection on V,. With each step we improve the res-
olution, obtaining a better approximation to f. The limit of the approximations,
taken in the L? sense, is f.

The process thus consists in looking at f with an infinite system of finer and
finer resolutions. It is for this reason that the term “multiresolution analysis” will
be used for this construction starting in the next section.

Notice that what is happening here is quite different from the situation with
Fourier series. With Fourier series a new term in a series represents taking into
account a new frequency, an enlargement of the frequency domain. With wavelets
a new term represents taking into account a higher resolution, thus giving better
knowledge of what is happening in the time domain.

Some readers may be helped by a piece of intuition used by people in signal
analysis. They think of the scaling function ¢ as being akin to a low-pass filter and
the mother wavelet ¢ as being akin to a high-pass filter. It is helpful to think of
these filters as working on fineness of detail, however, rather than frequencies. For
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example, in the construction in Theorem 10.4, ¢ and its integer translates together
yielded the orthogonal projection on the fundamental space Vj, while ¥ and its
integer translates yielded the orthogonal projection on the detail space consisting
of the orthogonal complement of Vy in V|. As Barbara Hubbard explains in
her book,° it was this piece of intuition that finally brought mathematicians and
engineers together on the subject of wavelets in 1986.

We conclude this section with a brief discussion of spaces of functions other
than L? on the real line. We shall return to L? from the beginning of the next
section. This discussion will enable us to make some comparisons of Haar series
and Fourier series. The results with Haar series that we mention are just the
beginning. Considerable research has gone into the study of Haar series and
other wavelet expansions in connection with spaces other than L2, but we shall
not be delving into it beyond the few remarks that we include here.

To begin with, for any complex-valued function f on R satisfying suitable
conditions, we define

(Puf)(x) = kZ (fo FD () dY)@,, , (x).

€7

If we are working with L? functions, the operator P, is the orthogonal projection
of L*>(R) on V,,. But our interest now will be in other spaces of functions.

The function ¢, , (x) is nonzeroif and only if k < 2"x < k+1. Consequently
for fixed m and x, there is exactly one value of k for which ¢, , (x) is nonzero.

Thus the sum defining (P, f)(x) has only one term. Also the function ¢, , ()

has compact support, and thus the integral fR F e, 1 (y)dy is well defined as
soon as f is a measurable function on R that is locally integrable, i.e., integrable
on each compact set. Consequently the expression defining (P, f)(x) is well
defined whenever the function f on R is locally integrable. Its value is just
2m ./k§2”'y<k+1 f(y)dy, where k is the unique integer such thatk < 2"x < k+1.
It is a simple matter to use Step 5 and its dilates in Theorem 10.4 to see that

(Pot1 ) = (Pu X)) = 3 (fo FOI, () dy) ¥, ().

keZ
Therefore convergence results about P, f as m tends to oo are in effect conver-
gence results about the one-sided Haar series expansion of f. We summarize as

follows.

5The World According to Wavelets, listed in the Selected References.
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Proposition 10.5. If f is a locally integrable complex-valued function on R
and if k is the unique integer such that k < 2"x < k + 1, then the partial sum
(P, f)(x) of the one-sided Haar series expansion is well defined and is given by

|Im,k|_l flm.k f()’) dy7

where I,y = {y e R| kK <2"y < k+ 1} and |I,, & is its measure, namely 27"

The expression for (P, f)(x) in Lemma 10.5 is the one that arises in the
theory of differentiation of integrals, which is discussed in Section V1.6 of Basic.
Application of the results of that section immediately yields the following
corollary.

Corollary 10.6. If f is a locally integrable complex-valued function on R,
then the one-sided Haar series of f converges to f almost everywhere.

If f is continuous, the situation is much simpler, since we no longer need the
results of Section V1.6 of Basic.

Corollary 10.7. If f is a continuous complex-valued function on R, then the
one-sided Haar series of f converges to f pointwise. The convergence is uniform
on any set on which f is uniformly continuous.

REMARK. Observe that this behavior is much better than what happens for
Fourier series: the Fourier series of a continuous function can diverge at a point.

PRrROOF. For x € I, x, we have
il ™ [, FOVdy = FO] = il ™| [, (FG) = £(0) dy]
< il [, fO) = f@|dy. ()

Let € > 0 be given, and choose the corresponding é of uniform continuity on E.
If m is large enough so that 27" < §, then |y — x| < § whenever x and y are both
in 1, x, and hence | f(y) — f(x)| < €. Consequently (x) is < €. U

Next we show that one-sided Haar series do not exhibit Gibbs phenomenon in
the way that Proposition 9.2 says that Fourier series do.

Lemma 10.8. If f is a bounded locally integrable function of R and if x in R,
then (P f)CO = 11 f llup-

PROOF. Choose k so that k < 2"x < k + 1. Then
Pu HYN = 2] gy s FOVAY] < 271 Fllup Sicamycinr @Y = 1 f -
O
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Proposition 10.9. Suppose that f is areal-valued function on R that is continu-
ous everywhere except at the one point xo, where f has a jump discontinuity. Then
the one-side Haar series of f does not exhibit Gibbs phenomenon. Specifically
if liTm fx) < liim f(x), then along every sequence {x,} decreasing to xy and

XTX0 XIX0

sequence m,, tending to +o00, the inequality

limsup(Py,, f)(x,) < liim fx)

n—oo

holds.
PROOF. Let J = lim f(x) — lim f(x) be the size of the jump discontinuity
x{x0 x1xo

of f at xo. The value of f at xy itself does not affect the Haar series of f, and
we may therefore redefine f(xg) to equal liTm J(x).
XTX0

Let g(x) be the function that equals 0 for x < xg, equals xo + 1 — x for
Xo < x < xp+ 1, and equals O for x > x¢ + 1. This is continuous except at x,
where it has a jump discontinuity of 1. By Lemma 10.8,

|(Png)(xn)| < llgllqp =1 forevery m and n. ()

Write f = (f — Jg) + Jg. The function f — Jg is continuous everywhere,
and (P, (f — Jg))(x) tends to (f — Jg)(x) uniformly for x in a neighborhood
of xp, by Corollary 10.7. Proposition 1.16 of Basic therefore shows that

Jlim (P, (f — Jg))(xa) = (f — J&)(x0) = )}ig(l)(f —Jox). (k)

The proposition follows by adding the equality (x) and J times the inequality
(). (]

Thus there are senses in which one-sided Haar series are much better behaved
than Fourier series. But there are other senses in which Fourier series are the
better behaved. One of these is that the existence of derivatives of a function
in the subject of Fourier series forces the Fourier coefficients to have at least a
certain rate of decrease. The relevant estimate comes from using integration by
parts in the formula for the n'™ Fourier coefficient. Any attempt to imitate this
argument for Haar series is doomed because the functions ¢ and y are not even
continuous. Consequently a Haar series cannot be expected to have a very small
remainder term if terms are discarded from the series. This feature is a drawback
of Haar series and is a reason to search for other wavelets for which the series
expansions of smooth functions are rapidly convergent.
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3. Multiresolution Analysis

In this section we isolate the essential features of the construction of the Haar
system in Section 2 and arrive at a construction of wavelets that applies in many
situations. A multiresolution analysis consists of anincreasing system { V; }
of closed vector subspaces of L?(R) and a function ¢ in L>(R) such that

@) Uj V; is dense in L>(R),

oo
n=—oo

@) Vi =0,

(iii) foreach j € Z,x — f(x)isin V;if and only if x > f(2x)isin V;,
and

(iv) the system of functions {x +— @(x — k)};cz is an orthonormal basis
of Vo.

The reason for the cumbersome term “multiresolution analysis” was explained in
Section 2 after the definition of one-sided Haar series expansion. The function ¢
is called the scaling function of the multiresolution analysis.

For each integer j, we define functions ¢, , in L*(R) for k € Z by

9 (x) =292 x — k).

That is all that is needed. The function ¥ has not been mentioned!

The main result of the section will be that the existence ¥ is built into the
definition of multiresolution analysis, and there is little choice for y». Before
stating such a result as a theorem, let us go through the steps of the proof of
Theorem 10.4 to see how much has been captured by this definition in the case
of the Haar system.

Indeed, for the Haar system we defined the scaling function ¢ at the outset,
and we defined closed subspaces V; of L?(R) in Steps 2, 3, and 10 of the proof of
Theorem 10.4. Step 4 established (i) above, Step 12 established (ii), () within
Steps 3 and 10 established (iii), and Step 2 established (iv). Therefore the Haar
system is a multiresolution analysis.

The proof of Theorem 10.4 established some additional properties of the Haar
multiresolution analysis. Line (1) of Step 3 observed the functions ¢; , form an
orthonormal basis of V; for j > 0, and (}) in Step 10 said that the same thing is
true for j < 0. Finally Step 6 established the all-important equation

(x) = 9(2x) + ¢(2x — 1)

in the Haar case. All the other intermediate conclusions in the proof of Theorem
10.4 related to .

To construct ¥, we make use of the analog of the above equation for a general
multiresolution analysis. For the general case ¢ is in Vp, which is contained in V/,
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and the functions ¢, , form an orthonormal basis of V;. Expansion of ¢ in this

orthonormal basis leads us to a series ¢ = Y ;2 __ a,¢, , convergent in L*(R).
In this expansion the coefficients are inner products a; = (@, ¢, ;) satisfying
> lak 1> = ||§ = 1. Substituting the definition of ¢, ; allows us to rewrite this

expansion as
o0

e(x) = Y @v292x —k).
k=—00
We call this result the scaling equation’ of the multiresolution analysis. We
study the scaling equation through its Fourier transform.

Associated to the scaling equation is a useful L? periodic function mq of
period 1 that behaves like a generating function. Namely the Riesz—Fischer
Theorem (Theorem 6.51 of Basic) shows that there exists a periodic L? function
myg of period 1 such that my is given on [0, 1] by a Fourier series® as

o) .
mo(y) = 5 3 are .

k=—00
This function has

(0.¢]
2 1 2 1
”mO”L2([0,l]) =3 Z lag|” = 2
k=—o00

The Fourier transform of the scaling equation is

o0

Fo = ¥ Fae " (Fp)(3y).

By inspection the generating function mg allows us to write the Fourier transform
of the scaling equation in the tidy form

| (Fo)(y) =mo(y/D(Fe)(y/2) |

If there is a wavelet v corresponding to the multiresolution analysis consisting
of {V; }fif « and ¢, then it lies in the orthogonal complement Wy of Vj in V;, and
the functions x — ¥ (x — k) form an orthonormal basis of Wy. The main result
of this section is that all members of W, have a certain elegant form, and it shows
which functions of that form can be taken as the desired wavelet {. Often we
shall use a particular choice of this function as the desired wavelet, as we remark

after the statement of the theorem.

7Some authors treat the factors of /2 in a different way, incorporating them into the coefficients.
Some authors call this the dilation equation; other authors do not give it a name.

8Strictly speaking, this is the Fourier series of nmo(—y) rather than mq(y), but we follow the
convention used in the book by Daubechies and echoed in the book by Pinsky. Regardless of how
authors handle the factors of +/2, the factors have disappeared by the time that one computes the
values of mg(y).
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Theorem 10.10. Let {Vj};i—oo and ¢ constitute a multiresolution analysis,
and let m be the generating function of the scaling equation. Then

(a) the most general member f of the orthogonal complement Wy of Vj in
V1 has Fourier transform of the form

(FHO) =M vmo(3y + H(Fp) 3y,

where v is a periodic function of period 1 and with ||1}||2L2 1) = I f ||%,
and ’

(b) amember f of W as in (a) will serve as a wavelet for the multiresolution
analysis if and only if |[v(y)| = 1 almost everywhere.

The proof will be preceded by some discussion and three lemmas. Once we
have settled on a particular choice of wavelet i from Theorem 10.10, we can
write down a wavelet equation analogous to the scaling equation. The reason is
that y is in V; and the functions ¢, ; form an orthonormal basis of V;. Expansion
of ¥ in this orthonormal basis leads us to a series ¥ = > oo by¢, ; convergent
in L?(R). In this expansion the coefficients are inner products by = (1, ©1k)
satisfying > |bx 1> = v ||% = 1. Substituting the definition of ¢; ; allows us to
rewrite this wavelet equation as

o0
v = Y biv29Q2x —k).
k=—00
We argue with this equation just as we did with the scaling equation. Associated
to the wavelet equation is a useful L? periodic function 7 of period 1 that behaves
like a generating function. Namely there exists a periodic L2 function m of period
1 such that m is given on [0, 1] by a Fourier series as

o) .
my) =1 Y bk,
k=—00

This function has

o
1 1
”mIHiZ([O,l]) =3 Z |bk|2 =3
k=—00

The Fourier transform of the wavelet equation is

00

FNM = X Hbhe ™ Fp) ).

k=—00

and the generating function m; allows us to write the Fourier transform of the
wavelet equation in the tidy form

(FY)(y) = mi(y/2)(Fe)(y/2).
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EXAMPLE. In the case of the Haar system, Step 6 of the proof of Theorem 10.4
shows that the scaling equation and the wavelet equation are

p(x) = ¢(2x) + 9(2x — 1)
U(x) =¢2x) —pQ2x —1).

In other words, ag = l/ﬁandal = 1/«/5, while by = l/ﬁandbl = —1/«/5.
The functions mg and m; are given by

mo(y) = 3(1+e7>™)
mi(y) = 53(1 =72,

and we have
mi(y) = e (e T )mo(y + ).

Letus return to the specific choice of a wavelet in the general case. According to
Theorem 10.10, we are to specify an L function v(y) of period 1 with |v(y)| = 1
almost everywhere, and then the formula for m in terms of m¢ (after replacement
of y/2 by y) will be

2mwiy

mi(y) = e v(y)mo(y + 3).

The seemingly natural choice is to take v(y) = 1, and we shall make that choice
for a while in the proof of Theorem 10.10b, obtaining

mi(y) = e mo(y + 1).

That choice leads in the general case to the formula

by = (=) ag

for the coefficients of the wavelet equation.
The example of the Haar system shows that other choices for v will sometimes

be appropriate; for it the choice v(y) = —e *""Y was what produced the Haar
wavelet from the Haar scaling function. The choice v(y) = —e ™" leads to the
formulas

mi(y) = —e " mo(y + 1)

and
by = (=D a5,
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As a general matter, taking v(y) to be the product of a power of ¢*™ and a
constant of absolute value one has the effect of moving the wavelet left or right
so that it looks better. This will be especially convenient later for the Daubechies
wavelets, which are of compact support. Problem 3 at the end of the chapter
shows that the only valid choices of v(y) in the case of compact support are the
products of a power of ¢>™? and a constant of absolute value one.

Now we come to the three lemmas. The first and the third will be used in
the course of proving Theorem 10.10. The second lemma will not be used until
Section 7, but the techniques for its proof take some of the mystery out of the
proof of Theorem 10.10.

Lemma 10.11. If h(x) is a function in L?(R), then the set of functions

{h(x — k)}}2 _, is orthonormal if and only if

DIIEAGERIEEY

almost everywhere.

PROOF. By the Plancherel Theorem (Section VIIIL.3 of Basic) we have

Sok = [ h(x)R(x — k) dx
= [g(FR)(y)e= 27Ky (Fh)(y) dy
= [x N Fh)(y)I* dy

= Y e (Fh) ()P dy

[=—00

00 o,
= Y [T (FR)(y 4+ D> dy

[=—00
= Y [ (FR)(y + D dy. ()
|=—00

If we were to insert absolute value signs in the integrand of (x), we would
obtain the result [, [(Fh)(y)|*dy’ = [, |h(x)|* dx by the Plancherel formula
(Theorem 8.6 of Basic), and this is finite. Therefore Fubini’s Theorem allows us
to interchange sum and integral in (*). Doing the interchange and changing y’
back to y, results in the equation

Sk = Jo (X [(F)(y+DIP) dy. (%)

I=—00
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This says that the system is orthonormal if and only if the function in L' ([0, 1])

(e.¢]
given by the almost everywhere convergent series Y. [(Fh)(y + [)|? has the
[=—00
same Fourier coefficients as the constant function 1. By the uniqueness theorem

for Fourier series (Corollary 6.50 of Basic), we obtain the result that the system
is orthonormal if and only if

> IFG+DP=1 almost everywhere. O

I=—00

Lemma 10.12. Suppose ¢(x) is a function in L>(R) such that the set of
functions {g (};2 o, = {x = @(x —k)};2_ is orthonormal, and let V' be the
closure of the linear span of this set of functions. Let £2 be the set of square
integrable doubly infinite sequences {ci};2_.., and write § , for the member
of ¢2 that is 1 at k and is O otherwise. Parseval’s Theorem produces unitary’
mappings o : £> — V and g : L*([0, 1]) — € such that «(8.;) = ¢, and
B(e ¥ k) = § . Regard members of L?([0, 1]) as extended periodically to all
of R with period 1. Then for every f € V,

(a) the product of (B~ 'a~!)(f) and Fy equals Ff, and
® 16Dl 2oy = 1B @) - (FD)ll 2 -

PROOF. In the statement of the lemma, the unitary property of « follows from
the assumption that {¢, ,} is an orthonormal basis of V and from the abstract
Parseval Theorem for Hilbert spaces. The unitary property of S follows from the
Parseval Theorem for Fourier series and the Riesz—Fischer Theorem.

In (a) the mapping B~'a " actson V by Bl (X2, 09 ) = Yoi e R,
the convergence of the sum on the left being in V € L?(R) and the convergence
of the sum on the right being in L*([0, 1]). Since Fg, , = e *"* (Fp)(y) =

! (@0.1) (Fe)(y), we immediately obtain F f = B la™ N (f) - Fo for all
members f of the vector-space linear span of {¢, ,}. Alsoif f, — f in L*(R),
we know that (B~ 'a™ 1) (f,) — (B~ 'a~")(f) in L*([0, 1]). This proves (a).

For the norm equality of (b), let us abbreviate (8~ 'a~! f)(y) as u(y). Then

el FOPdy = 3 [T ROIPIFDOE dy
= X [ kG =RPIFDO = bFdy

o0
= Y fi Ik PIFe)(y —k)|>dy by periodicity
k=—00

9“Unitary” means linear, norm-preserving, and onto.
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1 2 2
= fo ltOI> X [(Fo)(y —k)[>dy
k=—00

= [ InO) P dy by Lemma 10.11.

O

Lemma 10.13. If a multiresolution analysis is given with scaling function ¢,
then the generating function m of the scaling equation satisfies the identity

Imo(»)*> + Imo(y + $)I> =1 almost everywhere.

REMARKS. This lemma gives a sense in which the generating functions m(y)
and m(y) are complementary. The method of proof will be used several times
in what follows.

PROOF. We apply Lemma 10.11 with &z = ¢. Substituting for (Fe)(y + 1) its
value from the Fourier transform of the scaling equation rewrites this equality as

o0

> moGy +IDPIF Gy + 1D =1 ae.

|=—00

Replacing y/2 by y in this relation shows that almost everywhere

o0

> Imo(y + 3D PI(F)(y + 3D = L.

I=—00

We separate the even-numbered terms on the left from the odd-numbered terms
and use that m is periodic of period 1 to see that

1= Y |mo(y + 3DPI(Fe)(y + DI? +lde Imo(y + 3D [(Fe) (v + 3D

[ even

= moM* X (Fo)» + 3D + Imo(y + DI X [(Fo) v + 3D

[ even [ odd

= lmo()I? § [(Fo)(y + DI> + Imo(y + )1 ioj [(Fo)(y +1+ DI

|=—00 |=—00

= [mo(y)|*> + Imo(y + 1)I? almost everywhere,

the last step holding by two applications of Lemma 10.11. (]
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PROOF OF THEOREM 10.10a. Let f be an arbitrary member of the orthogonal
complement Wy of V in V;. Since the functions ¢; form an orthonormal
basis of Vi, we can expand f in this orthonormal basis and obtain a series f =
Y e _oo Sy convergent in L*(R). In this expansion the coefficients are inner

products fi = (f, ¢, ;) satisfying Dokl fillP=\f ||%. Substituting the definition
of ¢, , allows us to rewrite this expansion as

fx) = k_f fi29(2x — k).

Arguing as with ¢ and the scaling equation, we obtain

o) .
FHW = X 5 fie "R FQ)GY) = mp(y/D(Fp)(y/2), (%)
k=—00
where m is the function of period 1 given on [0, 1] by its Fourier series as
R ik
me(y) = - See Y
! V2 kzx—:oo

This function satisfies
2 1 - 2 _ 1 2
Iy =5 3 1412 =31£13 ()
k=—o00

The condition that f is orthogonal to Vy means that f is orthogonal to all ¢ .
By the Plancherel Theorem (Theorem 8.6 of Basic) this is the condition that

0= / (FfH(y)e Ziky (Fo)(y) dy for k € Z.
R

Arguing as with () and (%) in the proof of Lemma 10.11, we can rewrite this
condition as

0=/ (3 FPHO+DFRHD)dy.

In other words, the function in L' ([0, 1]) given almost everywhere by the abso-

o
lutely convergent series Y (Ff)(y+1)(Fe)(y + [) has all Fourier coefficients
[=—00
0. From the uniqueness theorem for Fourier series (Corollary 6.50 of Basic), we

obtain the almost-everywhere equality

3 FHO+DTFP+D =0.

[=—00
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Substituting for (F f)(y +1) and (F¢)(y + 1) the values from () and the Fourier
transform of the scaling equation allows us to rewrite this equality as

o e -
X mpGy + 5hmo(zy + 50 (Fo)Gy + 5D (Fp) 3y + 31 =0.

[=—00
Replacement of y/2 by y in this relation shows that almost everywhere

o0

> mp(y + 5Dmo(y + 5D [(Fo)(y + 5D = 0.

[=—00
Just as in the proof of Lemma 10.13, we separate the even-numbered terms in the
sum from the odd-numbered terms and use that m( and m are periodic of period
1 to see that
my(Nmo(y) +my(y + pmo(y +3) =0 ()

almost everywhere.

For almost every y, at least one of m(y) and my(y + %) is nonzero, according
to Lemma 10.13. If y has the property that both m¢(y) and mo(y + %) are nonzero,
then we can set

1
Ay) = mf:(y) and Ay + %) = M, (1)
mo(y + 3) mo(y)
and we see from () that
Ay) + Ay +3) =0. (€3]

If mo(y) = 0 and mo(y + %) # 0, then we define A(y) by the first equation in
(1) and A(y + %) by (%), while if mo(y) # 0 and mo(y + %) = 0, then we define
Ay + %) by the second equation in (1) and A(y) by (f). The result is that we

have a definition almost everywhere of a periodic function A of period 1 such that
(%) holds almost everywhere and such that
my(y) = A(Vmo(y + 3) (€23

almost everywhere. This equation shows that

1
s 12200, = o 1RO Plmo(y + DI dy

_ O1/2 () 2lmo(y + %)|2 dy +f11/2 X mo(y + %)I2 dy

= [ ) Pimo(y + HEdy + [ 1) Plmo() 2 dy by (%)

= fol/z IA(y)|* dy by Lemma 10.13.
)
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From (%) it follows that v(2y) = e 2" A(y) with v(y) periodic of period 1.
We substitute from (£%) into (x) and obtain

(FHG) = mGENFR)GY) = 2GmoGy + HFEDG).

Thus '
(FHG) = vmmo(3y + D (Fe)(3y),

as required.
Finally we have

2 2
Jo WGPy =2 [y venPdy =2 [ 0P dy = 2lms 12, = 1 113
(§9)
by definition of v and use of (§) and (). ]
PROOF OF THEOREM 10.10b. Taking v = 1, we define v in L?(R) by

(FY)(y) = € mo(3y + 5)(FP)(57).

We prove that {y(y — k)}72 _, is an orthonormal basis of Wy. To see that it is
orthonormal, we use Lemma 10.11, breaking the sum for ¥ into even-numbered
and odd-numbered terms and applying Lemma 10.11 for ¢ in each of the terms.
We have

YIAFU(y+ D =X ImoGGy + 51+ P FeGGy + 3D
l 1

= Imo(zy + PI* |1 FpGy + DI
[

+ ImoGP Y 1FeGhy + 3 +DJ?
l

= mo(3y + DI + Imo(3y)|> a.e. by Lemma 10.11 for ¢
=1 a.e. by Lemma 10.13,

and thus Lemma 10.11 indeed allows us to conclude that {/(y — k)}72 _ is an
orthonormal set.

To show completeness when v = 1, we are to show that any f in Wy has an
expansion in L?(R) as f = > « fxwok. This is the question whether equality
holds in Bessel’s inequality || f ||% > fx|?, the coefficient f; being given by
fi = Jo FOVE — k) dx.,

We know from (a) that any f in Wy is of the form (Ff)(y) = v(y)(F)(y) for

a periodic function v of period 1 with v ||iz[0 q=If 3. By Parseval’s equality
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for L?[0, 1], we can write v(x) = ;cke_z’”kx with ; lce|? = ||v||iz[0’1], and
(§8) has shown that ||v||iz[0’1] =|f ||§. Thus completeness will follow if we

show that f; = ¢ for all k.
The verification that f; = ¢y is rather similar to the argument in Lemma 10.11.
On the one hand, direct computation gives

fi = [p FOY(x —k)dx
= R FHOFo) ()
= [ (FHGe 20 (Fy)(y)
= Jo v R (FY) ()P dy

= 3 )R F ()P dy

l=—00

= Y [l vmeX R (F)(y + DR dy,

|=—00

and on the other hand, Lemma 10.11 gives
k= fol v(y)e¥ kY dy

=[S v F)(y + DR dy.

[=—00

. ? . o
Thus the equality f; = ¢, comes down to an interchange of the limit and the sum.
If we were instead to consider the expression

Y ONER & + DR dy,

I=—00

the result would be fo] lv(y)|dy < ”V”iz([o = ||f||%,whichis finite. Therefore
Fubini’s Theorem shows the interchange’to be justified, and we indeed have
Jr = ¢ for all k. This proves completeness in Wy of the orthonormal system
(Vo2 oo

Now suppose that v(y) is any function in L?([0, 1]) periodic of period 1 such
that [v(y)| = 1 almost everywhere. Let f be the function in W that corresponds
to v, i.e., has (Ff)(y) = v(y)(F¥)(y). Applying both directions of Lemma
10.11 to the identity

(o) o0 o0

X NFfGHDE =P X IR+ = X IR G +DP

|=—00 [=—00 [=—00
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we see that {x — f(x — k)}2__ is an orthonormal set in Wy. Suppose that g

is given in Wy and that g arises from a periodic function 1 (y) of period 1 by the
formula (F¢)(y) = u(y)(F¥)(y). Then

(F ) = ) WOFEWG) = v NEH ),

and the function (y)v(y)~" is in L>([0, 1]). The same argument that shows the
equality fi = c; above shows that g is in the closed linear span of the functions
{x = f(x — k)2 _, and therefore FL(v(Fy)) is a wavelet, as was asserted.

Finally if v(y) is any periodic function of period 1 such that the function &
with (Fh)(y) = v(y)(Fy¥)(y) is a wavelet, then application of both halves of
Lemma 10.11 shows that

o0 o8]
L= > |FRO+DP = v X IFYG+DP =P
[=—00 I=—00
almost everywhere, and |v(y)| = 1 almost everywhere. U

4. Shannon Wavelet

We saw in Section 2 how the Haar wavelet could be defined and analyzed im-
mediately from its definition. The advantage of the Haar system, not seen with
Fourier series, is that classes of functions defined by their size are handled well
by the Haar system. On the other hand, the functions Vik of the Haar system
are discontinuous, and wavelet expansions therefore cannot take advantage of
smoothness of the function being expanded.

Thus other wavelets are needed with properties better suited for other purposes.
The trouble is that the definitions of other wavelets are not so transparent. In
this section we introduce the first of several useful examples of wavelets that
are constructed directly from a multiresolution analysis with the aid of Theorem
10.10. With most such examples some supplementary argument is needed because
the hypotheses of Theorem 10.10 do not directly fit with the example.

The example in this section, called the Shannon system, is exceptional in that
verification of the hypotheses is fairly straightforward. It has

sin(x)

ox) = forx e R

as scaling function and V; = {f € L*(R) | (Ff)(y) = Ofor|y| > 2/7'} as
the j™ closed subspace. As usual, ¢ is to lie in ;. The function ¢ arose in
the Shannon Sampling Theorem (Proposition 10.3) when 2 = 1. The proof of
that result showed that (F¢)(y) equals the indicator function /;_ 11 1(y) almost
everywhere on R. Thus indeed ¢ lies in Vj.
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Theorem 10.14. The Shannon system, consisting of the set of closed subspaces
{Vj};ifoo and the function ¢, is a multiresolution analysis. The corresponding
wavelet may be taken to be

2(sin(2mx) — cos(mx))
T(2x —1)

for x e R.

Y = -

Its Fourier transform almost everywhere equals
FP) ) = ey _yO) + L g (»)  fory eR.

REMARK. Graphs of ¢ and ¥ appear in Figure 10.3. A new ingredient with this
example, not seen with the Haar system, is that the scaling equation has infinitely
many nonzero coefficients. We get at these coefficients through the associated
generating function mg defined by (F¢)(2y) = mo(y)(Fe)(y), working with
mg as a whole rather than with the individual coefficients. The function my is
periodic of period 1.

(a)

(®)

FIGURE 10.3. Graphs of Shannon scaling function and wavelet.
(a) Scaling function.  (b) Wavelet.
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PROOF. The closed subspaces V; are nested, and their union is the set of
functions in L2(R) whose Fourier transforms have compact support. This space
is dense in L?(R) by the Plancherel Theorem. The intersection of the spaces V;
is the subspace of functions in L?(R) whose Fourier transforms are supported at
0, and that subspace is 0. Finally we have (F¢, ;) (y) = e Friky I[_%’ 1 (y). Since
the functions e ~2"** form an orthonormal basis of L>([0, 1), the functions Foo.x
form an orthonormal basis of F(Vjy), and the functions Po.1> by the Plancherel
Theorem, form an orthonormal basis of Vj. Thus the Shannon system is a
multiresolution analysis.

To get at Y, we start from the formula (Fp)(2y) = mo(y)(Fe)(y), and we
find for |y| < % that

mo(y) = Fp@y) _ l-1 0y
]:90(}/) I[_%’%](y)

For |y| > %, the function is to be extended periodically with period 1. Then we
have

(FP)2y) = mi(M(Fe)(y)-

The formula for m (y) involves mg(y + %), which is given by

I for —3<y<-p
— 0 for —3<y<gy,
mo(y +3) = ! 1

1 for ;=<y=<g,

0 for %§y§§.

For |y| < %, this equals I[_%,_%](y) + I[%,%](y), and thus

mo(y +3) =1_1 1y, +1Ip y(»)  forlyl < 3.
Theorem 10.10a says that we can take ¥ to be f in the formula
(FHG) =™ v(mo(zy + 1) (F)(5)

if we use v(y) = e~ 2. (We could as well use any other integer power of ¢>*"
as v(y), and the effect will be to translate i by an integer. Our choice is arranged
to make the graph in Figure 10.3b look pleasing.) In this case

(FP)2y) = e mo(y + H(F) ().

Since (Fo)(y) = I[_lv%](y) for all y € R, we obtain

2
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(FY)2y) = e (11 () + 1 1y()

and thus (FY)(y) = e_”i}'(l[_l’_%](y) + I[%,l](y)),

as required. Forming the inverse Fourier transform of this function by direct
computation yields

2(sin@r(x — 1)) —sin(r(x — §)))  2(sin(2mx) — cos(x))

v = T2x —1) = T2x —1)

The wavelet i produced by Theorem 10.14 is called the Shannon wavelet.
Since the Shannon wavelet is smooth, we have gotten around one defect of the
Haar wavelet. But we have introduced other defects: the functions ¢ and
in the Shannon system fail to be in L!(R), and their Fourier transforms are
discontinuous.

The examples in later sections will have more favorable smoothness properties,
but each will have other drawbacks.

5. Construction of a Wavelet from a Scaling Function

We now aim for the Meyer wavelets, whose Fourier transforms have compact
support and a specified degree of smoothness. Correspondingly the wavelets
themselves are all of class C* and have a specified degree of decrease at infinity.
As is true with many examples, the spaces V; in the relevant multiresolution
analysis are hard to pin down without referring to the candidate for the scaling
function ¢. By contrast, in the Haar system the members of the spaces V; were
L? functions that were constant on certain kinds of intervals, and in the Shannon
system the members of the spaces V; were L? functions whose Fourier transforms
vanished on certain sets.

However, when we are allowed to refer to ¢, property (iv) of a multiresolution
analysis shows that Vj is always the closed subspace for which {x — ¢@(x —k)}irez
is an orthonormal basis, and the other spaces V; can be defined in terms of Vp by
the dilation property (iii). Thus the question arises how to tell whether a function
@ in L*(R) for which {x > ¢@(x — k)}xez is an orthonormal set is the scaling
function of a multiresolution analysis. The sequence {V;} will be increasing as
soon as Vp C Vi, i.e., as soon as ¢ satisfies a scaling equation. Evidently what is
needed is to have reasonable sufficient conditions for the first two properties of a
multiresolution analysis to be satisfied, namely

(i) U; V; is dense in L*(R),
(ii) ﬂj V;=0.
We give such conditions in this section.
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Proposition 10.15. Suppose that ¢ is a member of L?(R) such that

x> —lZ o
is an orthonormal set. Let V{ be the closed linear span of this orthonormal set,
and define dilated spaces V; by V; = {f € L*(R) | x = f(27/x)isin Vp}.
Then (N2 _, V; =0.

j=—00
REMARK. In other words, property (ii) is automatic; no additional hypothesis
on ¢ is needed. By contrast in Proposition 10.17 we shall impose an additional
hypothesis on ¢ to ensure that property (i) holds.

PROOF. Define ¢, , (x) = 2/2p(2/x—k). Theset {9, 1}i2_ o isanorthonormal
basis of V;, and thus any f in V; satisfies Parseval’s equality,

o0

IFI5= 3 1(fi 000

j=—00
Let f be in ﬂ;i_oo V;. We are to prove that f = 0. Let € > 0 be given, and
choose g € Ceom(R) with || f — gll, < &. Let M be large enough so that the
interval [—M, M] contains the support of g, and suppose that j < 0 is large
enough so that 27V/!M < 1. If P; denotes the orthogonal projection of L>(R) on

V;, then
If—Pigl,=1P(f =l =IIf —gll, =&
and hence
Ifll, <&+ 1Pgll,. (%)

Also we have
o0

1Piglls = > 18 901

k=—o00

. X ; 2
=270 % (frw lellg@ iy — bl dx)

k=—00
. X ; 2
=27 % (fzw 8@l — bl dx)

. ) . 2
=27 Wgl2y X (fiyewle@ il =0l dx)
) -

=—00

S 2N 2M X [ lo@ 7V — P dx
=—00

by the Schwarz inequality

o0
= llgllz,y 2M ) Y Jieaiin loG = B2 dx’
=—00

o0
= ||g||§up 2Mk Z ./ix+k\§2“f|M |<P(X)|2dx-
=—00
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Since 27VIM < %, the sets of integration on the right side are disjoint, and we
can write the right side as

= “g“gup 2M ij |(/)(x)|2d-x»

where E; is the set of reals at a distance of < 271JIM from Z. As |j| tends to
infinity, these sets decrease to Z, which has measure 0. In view of Corollary
5.3 of Basic, the complete additivity of the finite measure |¢(x)|> dx implies that
this expression tends to 0. By (x), || fll, < €. Since ¢ is arbitrary, f is the zero
element of L2(R). O

Lemma 10.16. Suppose that ¢ is a member of L>(R) such that
x> o -l o
is an orthonormal set. Let V; be the closed linear span of this orthonormal set,
and define dilated spaces V; by V; = {f € L’>(R) | x — f(27/x)isin Vy}. For
J > 0, let P; be the orthogonal projection of L*(R) on V;. If f is a member of

L?(R) whose Fourier transform F f is bounded and is supported in the interval
[—M, M], then

M
1P f15 = fM (FHDMI 1(F) 2~ y)* dy

when j is large enough so that 2/~! > M.

PROOF. With goj’k(x) = 2/2¢(2/x — k), we have

1P f15 = 3 1(f 901
keZ
= ke% | fflM(]:f)(y)(fwjyk)(y) a'y|2 by the Plancherel Theorem

= Y| M (R e R 2 Fpy 2T y) dy|
keZ

= L 2| A ENme T FOE T dy

2
)

()

the last equality holding since 2/~! > M. The integral in the k™ term on the right
is the k™ Fourier coefficient of an L? function on [—2/~1, 2/=1], specifically of

(FHG) (Fe) 277y,
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and Parseval’s Theorem shows that the sum over k € Z of the absolute values
squared of these coefficients equals the norm squared of the function in the space
L?([—2/71,2/711, dx). Thus (%) equals

O .
L2 IFEHG) Fo) @iy dy. 0
Proposition 10.17. Suppose that ¢ is a member of L?(R) such that

x> o -l o

is an orthonormal set. Let V; be the closed linear span of this orthonormal set,
and define dilated spaces V; by V; = {f € L’(R) | x — fQ7/x)isin V).
Under the additional hypothesis that F¢ is a bounded function that is continuous
and nonzero at y = 0, the vector subspace - V; generated by all the V; is

j=—00
dense in L%(R).

REMARK. We shall use this result only when V, C Vi, in which case {V;} is
an increasing sequence and Z;ifoo V, = U;ifoo V.

PROOF. Let P; be the orthogonal projection on V;. Arguing by contradiction,
suppose that f is a nonzero element in the orthogonal complement of U?i_oo V.
Certainly P; f = O for all j. Let € > O be given, and assume that € is small
enough so that

eI+ 1(F)OD < [(Fo) O f1I;- ()

This is possible since (F¢)(0) and || f1|, are nonzero. Choose a function g in
L?(R) such that Fg has compact support and || f — gll, < €. Then ||P;gll, =

I1Pi(g— N, <llg— fll, <e.
Say that the support of Fg is contained in the interval [— M, M]. Referring to
Lemma 10.16, we then have

2> ||Pigl3 = [ I(FOOMIP 1 Fe I y) P dy. (k)

Since Fg is bounded and Fg is square integrable and Fg is continuous at 0, the
Dominated Convergence Theorem applies and shows that the right side of ()
tends to

J2 1(FDW(F) )2 dy

as j tends to +oco. Thus we obtain
€2 > [(F)O) I F2l3 = [(Fo)OPlgl3 = I(Fe) O f1l, — €2,

an inequality that contradicts (). (]
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6. Meyer Wavelets

Now we can proceed with the construction of the Meyer wavelets. The definition
of the Meyer multiresolution analysis involves the choice of a continuous function
v on R that is of class C™ or perhaps C* and that is O for y < 0 and is 1 for
y > 1. It is assumed that v satisfies

v(y) +v(l —y) =1 for y € R.

This function will be incorporated into the definition of the Fourier transform of
the scaling function ¢.

There are no further assumptions. However, the interest in the Meyer wavelets
is normally in the effect of the order of continuous differentiability on what
happens, and at least when the order of continuous differentiability is finite, the
convention is to choose the function v of class C"” as computationally simple as
possible so that it meets the above conditions.!” With this understanding for each
finite m > 0, there is a unique such v whose polynomial part has lowest degree.!!
That degree turns out to be 2m + 1, and the polynomial is

el N (m+k
x+1;( X )(l—x)k.

The convention is to take v to be that polynomial on [0, 1], extended by O for
x < 0 and extended by 1 for x > 1. We shall call the resulting multiresolution
analysis the “Meyer multiresolution analysis” of index m. Figure 10.4 shows that
graph of v(x) for m = 3. The table in Figure 10.5 lists the polynomial explicitly
for a few cases.

FIGURE 10.4. Graph of Meyer polynomial function when m = 3.

108pecifically the conditions are that v is O for y < 0, is 1 for y > 1, is a polynomial function
between 0 and 1, satisfies v(y) + v(1 — y) = 1, and is in the class C" on R.
11See Problems 13—17 at the end of the chapter.
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Polynomial v(x) for0 <x <1

X

x2(3 = 2x)

x3(10 — 15x + 6x2)

x*(35 — 84x 4+ 70x% — 20x3)

x2(126 — 420x + 540x% — 315x> + 70x%)

x%(462 — 1980x + 3465x2 — 3080x> + 1386x* — 252x°)

x7(1716 — 9009x + 20020x2 — 24024x> + 16380x* — 6006x> + 924x%)

= Y I TV SRS

FIGURE 10.5. Table of values of the polynomial part of v(x)
used in defining the Meyer wavelet of index m.

With v in hand, we define the Meyer scaling function ¢ through its Fourier
transform F¢ by

1 for |y| < 3.
(Fo)(y) = § cos(3v@lyl— 1)  forg <|y| <3,
0 for% <yl

A plot of F¢ for the case with m = 3 in the above table appears in Figure 10.6.

FIGURE 10.6. Graph of F ¢ for the Meyer wavelet when m = 3.

It will be seen in Theorem 10.18 below that {x +— @(x — k)}72__ is an
orthonormal set, hence that ¢ is a candidate for a scaling function. Then we let
Vo be the closed linear span of this orthonormal set and define dilated spaces V;
asusual by V; = {f € L’(R) | x = f(27/x)isin Vp}. The spaces V; will be
seen to be nested. The Meyer system corresponding to v consists of ¢ and the
nested sequence of spaces {Vj}]?’i_oo.

Theorem 10.18. Let v : R — [0, 1] be a continuous function such that
(i) v@#) =0fort <0,
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(i) v(r) =1fort > 1,

(iii) v(r) +v(l —¢t) =1forallz € R.
Then the Meyer system corresponding to v is a multiresolution analysis. The
corresponding wavelet ¢ may be taken to have Fourier transform given by

(FY)(y) = Y ((Fo) (v + D) + (Fo) (v — D) (FR) (3).

REMARKS. It is instructive to see how e " (Fy) relates to Fe. For this
purpose, compare the graph of F¢ in Figure 10.6 with that of e "V (Fy) in
Figure 10.7 below. Figure 10.8 after the proof shows graphs of ¢ and .

1.0f

=2 1 1 2
FIGURE 10.7. Graph of e =" F 1 for the Meyer wavelet when m = 3.

PROOF. To see that ¢ and the spaces V; form a multiresolution analysis, let us
first compute

Y (Fo)y + DI ()

Expression (x) is manifestly periodic of period 1, and we may assume that
0<y<1 For0<y< % the only nonzero term is for / = 0, and it is

1. For % < y < 1, the only nonzero term is for / = —1, and it is 1. For
% <y< %, the only terms that contribute are for/ = 0 and [ = —1, and the sum
of the contributions is

cos’(Zv@3y — 1)) + cos*(Zv(2 — 3y)). (%)

The arguments of v in () have sum 1, and therefore the sum of their values is 1,
since we are assuming that v(z) + v(1 —¢) = 1 for all real ¢. Thus (:x) is of the
form cos? Zu + cos? Z(1 — u) = cos® u + sin® u = 1. In other words, (*) equals
1 forall y. By Lemma 10.11, {x = ¢@(x — k)}?2__ is an orthonormal set.

As at the beginning of Section 5, we define V; to be the closed linear span of
x> o(x —}rez,and weput V; = {f | x f(27/x)isin Vp}. We need to
show that Vy C Vi, i.e., that ¢ satisfies a scaling equation. We define a periodic
function pg of period 1 by

o0

no(y) = Y (Fo)Qy +20). ()

[=—00
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In a neighborhood of any fixed y, this is a finite sum because F¢ has compact
support. Thus po(y) is meaningful, and on [0, 1], the function w¢ is square
integrable. Let check that p1o(y) satisfies

mo(y/2)(Fe)(y/2) = (Fe)(y)  forally e R. ()

To prove (), we observe for each / 7 0 that the contribution to () given by
(Fo)(y+2D)(Fe)(y/2) is 0. In fact, for it to be nonzero requires that |y +2I| < %
(and hence |y| > %), as well as |y/2| < % and there are no values of y where
these conditions are met. Thus proving (1) comes down to proving the equality

(Fo)(y) = (Fo)(Y)(Fo)(y/2) forall y € R. (€3]

There are two cases. One case is that |y| > % and then (F¢)(y) = 0 and both
sides are equal. The other case is that |y| < % and then |y/2| < % so that
(Fp)(¥/2) = 1; in this case each side of (f) equals (F¢)(y), and the two sides
are equal. Thus () holds in both cases, and in particular, () is proved.

Since p is periodic of period 1, we can write o(y) = % >, cke TR If we

substitute this expression into (11) and apply F~! to (1), we see that ¢ satisfies
the scaling equation @ (x) = ), cx V2¢(2x — k). That is, we can conclude from
() and () together that V) € V) and that the generating function for ¢ is given
by12

o0
mo(y) = . (Fp)2y +20).
I=—00

Thus we are in a position to apply Propositions 10.15 and 10.17 to see that
we have a multiresolution analysis. Proposition 10.15 says that condition (ii)
is always satisfied when the V;’s are defined as above from the candidate for a
scaling function. Proposition 10.17 says that condition (i) is satisfied if F¢ is
bounded, is continuous at 0, and has (F¢)(0) # 0; all of these hypotheses can
be seen by inspection of the definition of (F¢)(y) before the statement of the
theorem, and thus indeed we have a multiresolution analysis.

Theorem 10.10 applies, and we are left with computing . The theorem tells
us what functions we can take as ¥r. One of them is given by

(FP) () = e mo(3y + H(Fp) ().

Since Fy is real-valued, we can drop the complex conjugation and obtain
(FP)(y) =™ 3 (Fo)(y + 2L + 1) (Fo)(5).
l=—00

12Even with an interpretation of L? convergence in the formula defining j10, we make no assertion
that this kind of formula yields m( beyond the context of Meyer wavelets.
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For the /™ term to be nonzero, we must have |y/2| < % and |y +2[+ 1| < %,
and thus/ =0 or/ = —1. Thus

(FY) () = ™ ((Fo) v + D) + (Fo)(y — D) (Fp) (3). 0
(@)
T 7‘5/\\/\ 10
AL
(b)
1.0f
0.5
“10 5V (VA 10
-0.

FIGURE 10.8. Graphs of Meyer scaling function and wavelet when m = 3.
(a) Scaling function.  (b) Wavelet.

7. Splines

A “spline” for our purposes is a piecewise-polynomial function on an interval
[a, b] with certain smoothness conditions at the edges of the pieces. Specifically
let

a=xg<x1<--<Xx,=>b
be a partition of [a, b]. If n < m, a spline of degree n relative to this partition'?
is a function o (x) such that

(i) foreach i, the restriction of o (x) to the interval [x;_;, x;] is a real-valued
polynomial p; of degree at most n,
(ii) o (x)is of class C"~! on [a, b].

13The situation in which some points of the partition are repeated will not be of interest to us and
will not be addressed.



7. Splines 477

The points x; of the partition are called the knots of the spline.'*

We shall be interested only in splines with equally spaced knots, for example
at the integer points in the interval [a, b], and we shall be especially interested in
splines that can be extended to members of C"~!(R) that are zero on (—o0, a]
and [b, +00). These we call the splines of compact support (with knots in Z).

The case of degree O is something we have seen before. In the case of degree
0, the splines of compact support with knots in Z are the functions on R that are
constant on every interval between consecutive integers and that vanish outside a
compact subset of R. These are the finite linear combinations of integer translates
of the Haar scaling function,'> which we shall call °y in this section and the next.
The closure of this vector subspace of L?*(R) is the subspace V, from which the
Haar multiresolution analysis is built.

We wish to generalize the Haar construction to splines of higher degree. For
n > 0, the spline function o (x) has to be continuous at the knots, and so do its
derivatives up through order n — 1. Being a polynomial on each interior interval,
o (x) has right and left limits at each knot, and the same thing is true of each
derivative. The difference between these limits can be nonzero only for the n
derivative, all derivatives higher than n giving 0, and

: (n) : (n)
lim p%y () = lim p;"(x) = c;
is the jump of the n'™ derivative. Then it follows that
Ci n
Pi+1(x) — pi(x) — ;(X — Xi)

has all derivatives O in a neighborhood of x; and must be the zero polynomial:

Pis1 () = pix) + %(x — )"

This formula gives us a handle on the dimension of the vector space of splines of
degree n on [a, b]. Again the knots are understood to be at the integer points.

For now, let us restrict attention to the case of degree 1. We introduce a spline
!y of degree 1 by the definition

X forO0 <x <1,
lyxy={2—x forl <x<2,
0 otherwise.

14Under our assumption that their are no repetitions among the points of the spline, the knots are
all “simple.”
15The values of the function at integer points are not relevant as long as we are studying L>(R).
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See Figure 10.9. The integer translates of 'y, given by 1)/0’ () = Yy (x — k),
will also be of interest. Each of them is a spline of compact support. Comparison
of their supports shows that they are linearly independent.

FIGURE 10.9. Graph of the B-spline 'y.

The functions 1)/0, « are called B-splines of degree 1, the “B” being short for
basis. The following result justifies this terminology.

Proposition 10.19. The B-splines of degree 1 form a vector-space basis of the
vector space of all splines of degree 1 of compact support with knots in Z.

PROOF. We need to prove spanning. Suppose that the spline is supported in
[M, N] with M < N. We shall subtract a multiple of a B-spline to reduce the
support. Thus suppose the support of a spline s(x) is contained in [M, N]. Letus
say that the derivative s’(x) has a jump by c at x = M, ¢ possibly being 0. In this
case the boxed jump formula shows that s(x) = c(x — M) for M <x < M + 1.
Consequently s(x) — ¢ 1)/0’ (%) is a spline of degree 1 supported in [M + 1, N].
The support has been reduced, and in finitely many steps we end up with the
difference of s(x) and a linear combination of B-splines exhibited as supported
in the interval [N — 1, N]. A spline of degree 1 that vanishes at each end has
to be the O spline, and thus the difference of s(x) and a linear combination of
B-splines is 0. In other words, s(x) equals a linear combination of B-splines. [

Let V; be the closure in L?(R) of the vector spaces of all splines of degree 1
of compact support with knots in Z. It begins to look as if V; and 'y might yield
a multiresolution analysis generalizing the Haar multiresolution analysis—until
we stop to realize that the B-splines 1)/01 . are not orthogonal to one another. In
fact, two of them are orthogonal if and only if their supports have no nontrivial
interval in common. Nevertheless we plunge ahead by writing down a scaling
equation and by computing the Fourier transform of !y.

The scaling equation for 'y is

'y =1ly@o)+y@x -1+ 4 'y@x —2);
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we can check this equality directly when x is an integer multiple of %, and then
the equality follows everywhere.

The computation of the Fourier transform of 'y can be carried out directly, us-
ing integration by parts suitably, but we prefer the following alternative argument,
which deduces it as Corollary 10.22 from the Fourier transform of the indicator
function [}, ;, and an identity concerning convolutions.

Proposition 10.20. The Fourier transform of %y = Ij 1, 1s given by

Fop) = b (ST
—2miy Ty
PROOF. The quantity in question equals fol 027Xy gy -

Proposition 10.21. The B-spline 'y is the convolution of the indicator function
Oy = 1}y 1) with itself:

1
'y (x) =/I[O,ll(x—t)l[o_l](t)dtzf Loy (x — 1) dt.
R 0

PROOF. The integral in questionis 0 if x < Qorx > 2. For0 < x < 2, the
change of variables u = x — ¢ shows that it equals

S oy du = [t 1du = min{1, x} — max{0, x — 1};

m

thisequals x if 0 <x < lorelseequals 1 —(x — 1) =2 —xifl <x <2. O

Corollary 10.22. The Fourier transform of the B-spline 'y is given by

(Fly)y) = e (BT
Ty

PROOF. The Fourier transform of a convolution is the product of the Fourier
transforms, by Proposition 8.1c of Basic. Thus the result follows by combining
Propositions 10.20 and 10.21. O

The Fourier transform of the scaling equation of 'y is

F'YM=1GF"VO/D+1Ee ™ (F ') (/D) +3Ge 7 (Fly)(y/2)).

We can check this equation explicitly by using Corollary 10.22 and thereby verify
the original scaling equation itself. The question is whether

. /SINTTYN\2 . .
e—zf”y(_nyy ) E3FE VDG e 4 Je )

= 2(F'y)(y/2)e ™ (1 + cos )
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= (F'y)(y/2)e ™ cos’ 1y /2
sin? 7y /2

__ —miy —J'riy(
=e e
w2y?/4

>0052 wy/2,

and this comes down to the identity sin 26 = 2sinf cos 6.
Motivated by Lemma 10.11, we now calculate

o0

A)= Y [(F'y+DP?

I=—00

We know that the sum cannot be almost everywhere equal to 1, since {'y, ,}
is not an orthonormal set. However, the value of the sum will contain useful
information for us. To make the calculation, we need to use some elementary
complex analysis. We shall take as our starting point the results of Appendix B
of Basic.

Proposition 10.23. For complex z,
2 o0

T 1
- Z (z —n)?¥’

sinrz =,

the series being uniformly convergent on compact sets that contain no integers.
PROOF. The series is convergent for z ¢ 7Z by comparison with the series

o0

3" (1/n?). If the terms corresponding to integers in a fixed closed disk about 0
n=1

are excluded, then the same comparison shows that the convergence is uniform
on the disk. By Problem 55 in Appendix B of Basic, the sum of the series is
meromorphic in C with poles of order 2 at each integer. The function 2/ sin’(rz)
has the same property, and therefore the difference

[&°]

2 1
g(Z) = sirié 77 - Z (Z—n)2 (*)
n=—0o0

is analytic in all of C. We show that g(z) is the zero function.

Each term on the right side of (x) is periodic of period 1, and thus the same
thing is true of g(z). By Liouville’s Theorem it is enough to prove that |g(x +iy)|
tends to O uniformly for [x| < 1 as y — oco. Consider the first term on the right
side of (). Direct calculation gives

| sinz|2 — %(ei(x—o—iy) _ e—i(x+iy))(ei(x+iy) _ efi(x+iy))

= }l(e*zy" — e 2 _ oM¥ 4 o) = cosh® y — cos®x,
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and the reciprocal of this tends to O uniformly for all x as y — oo. This takes
care of the first term of the right side of (x). For the second term we have

o 1
| (z—n)? | = (x—n)24y%*

This has the required behavior for the terms with |n| < 2. For the terms with
[n| > 3, we have Given € > 0 with € equal to the

1 1
G = T
reciprocal of an integer, suppose that |y| > ¢~!. Then

1/€ 1/€

1 1 )
Y amrsr S X g =2(/ey <2
[n|=2 |n|=2
and
_2,252—_252 — — ——) = =,
=1 /e (In]—=1)2+y =1 /e (In]—1) nl=1 /e |n|—2 n—1 P )

which is < 6¢€ as long as € < % This takes care of the second term on the right
side of (x). g

Corollary 10.24. For every integer m > 0,
2

d\m;, w > 1
= = Y= ! -
<dz> (sin2 nz> = (m ])'n;oo (z — n)ym+?

PROOF. This formula results from successive term-by-term differentiation of
the result of Proposition 10.23. To justify the interchange of derivative and sum,
we make repeated use the standard technique of Appendix B of Basic, writing
the complex derivative as a suitable line integral and using Fubini’s Theorem to
interchange the integral and the infinite sum. U

o0
Returning to the calculation of Y |(F 'y)(y + )|, we combine Corollary

I=—00
10.22 with the formula of Corollary 10.24 when m = 2. Then
0 o sinm(y+1)4
AN = Y IFNo+DIP= 3 [T
l=2—:oo I=Z—:oo T(y+1
sin4(ny) o 1

jT4 [=—00 (y +l)4

sin*(1ry) d2< m? )
674 dy?\sin’my

= %(sin2 Ty 4+ 3cos’ my)

= %(1 + 2 cos® Ty).
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o
In other words, the periodic function A(y) = > [(F'y)(y +1)|? of period 1

I=—00
is bounded above and below by the positive constants 1 and % In terminology
used by many authors, this means that the integer translates of 7 'y form a “Riesz
system.” In practical terms it means that we can use a general method to construct
an orthonormal system out of 7 'y. We proceed as follows.
We define a member ¢ of L>(R) by

Fo)») = A AF'Y)(y).

By Lemma 10.11, the set of functions {x — ¢@(x — k)}{2__, is orthonormal.
What is not apparent is that they form an orthonormal basis of the same space Vj
and that we thereby obtain a multiresolution analysis and an associated wavelet.
The relevant tool is Lemma 10.12, which we have not used explicitly so far.

Theorem 10.25. Let V; be the closure in L*(R) of the space of all splines
of degree 1 of compact support with knots in 27/7Z, let 'y be the B-spline of
degree 1 defined above and having Fourier transform as in Corollary 10.22, and
let ¢ be the member of L?(R) defined by

(Fo)(y) = A 2(F ') ().

Then

(a) the integer translates of ¢ are in V) and form an orthonormal basis of it,
(b) {Vj};i—oo and ¢ constitute a multiresolution analysis,
(c) the corresponding wavelet ¥y may be taken to have Fourier transform

(F¥)(y) equal to

1 + 2 sin? %ny

V2 12,1 1
m) A(zy) /(-7: Y)(3Y),

(sin® %n y)(
(d) the Fourier series A(y)~/2 = 3", dre "™ has the property that ¢(x)
is given by p(x) = Y, di'y (x — k), the series being locally a finite sum,

(e) the Fourier series ), ure kY of period 2 of the function

1 + 2 sin? %ny

1/2
U() = Gsin® 1) ( ) Al

1+ 2cos?my
has the property that ¥ (x) is given by ¥ (x) = 2>, ux'y 2x — k), the
series being locally a finite sum,

(f) ¢(x) and ¥ (x) are splines of degree 1 with infinite support, the knots of
¢ being in Z and the knots of i being in %Z,

(g) ¢(x) and ¥ (x) decay exponentially fast as |x| tends to infinity.
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REMARKS. The wavelet obtained from Theorem 10.25 is called the Battle—
Lemarié wavelet of degree'® 1. Another name for it is the Franklin wavelet.
Following Daubechies, we shall refer to the device of using A(y) the way we are
using it here as the orthonormalization trick. The formulas for ¢ in (d) and for
¥ in (e) allow one to understand ¢ and ¥ without applying F~! to Fg and Fir.
Graphs of ¢ and ¢ appear in Figure 10.10. To make the graphs, one computes
enough Fourier coefficients dj and u; numerically to be able to use partial sums
of the series in (d) and (e) as good approximations to ¢ and .

PROOF. For (a), put Po.x (x) = p(x —k). We saw above that the set of functions
{0, i e oo 18 orthonormal. Let V be the closure of its linear span. We shall use
Lemma 10.12 with this V and this ¢. Let « and § be as in the statement of that
lemma. Let ¢ = {ci )2 _ ., be the sequence of coefficients of the expansion of the

0 .
function A(y)'/? = (3(1 4 2 cos? Jty))l/2 in series as Y. cre R If f s
k=—o00
the member of V givenby f = a(c) = Y, ckgox, then B~ a1 (f) = A/2, and
Lemma 10.12a shows that Ff = A!/2 . (Fp), with the dot indicating pointwise
product. The right side equals F 'y, and therefore f = 'y, i.e.,

F'y) = A 2 (Fe)(y). (%)

Consequently 'y is in V, and the closure Vj of the space of splines of degree 1
of compact support with knots in Z is contained in V.

We shall show that equality holds: V = V. Since A'/? is smooth and is
bounded above and below by positive constants, A~!/? is a smooth periodic
function on [0, 1]. Expand A(y)~'? in series as io: dre= 7% and let p, be

k=—00
its n™™ partial sum. By Proposition 1.56 of Basic, {p,} converges uniformly on
[0, 1]. The limit is A~!/? by Fejér’s Theorem (Theorem 1.59 of Basic).

We know that the function f‘l(e_Z”ik)’(fly)(y)) = (x =y — k)) isin
Vp for each k, and hence so is the linear combination 7! (p,(y)(F 'y)(y)) =
f‘l(pn(y)A(y)l/z(}'(p)(y)) for each n. The product p,A!/? converges uni-
formly to A='/2A'/2 = 1, and uniform convergence implies convergence in
L?[0, 1]. Lemma 10.12 then allows us to conclude that p,(y)A(»)'/?(Fe)(y)
converges to (Fg)(y) in L2(R). Applying F~!, we see that there is a sequence
in Vj converging to ¢. Since Vj is closed, ¢ is in Vj, and it follows that V = V.

16Terminology varies. Some authors use the word “order” in place of “degree.” Some authors
shift the indices by 1, saying that the case here is of order 2; for such authors the Haar wavelet
becomes the Battle-Lemarié wavelet of order 1.
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For (b), we have just seen that the closed subspace of L?(R) generated by the
integer translates of ¢ is Vj, and we know for this explicit V; that the dilates
V; form an increasing sequence. Propositions 10.15 and 10.17 show that ¢ is a
scaling function, since Fg is continuous, is bounded, and has (F¢)(0) # 0. Thus
(Vi) o o0 and ¢ constitute a multiresolution analysis.

For (c), we are to compute . The Fourier transform of the scaling equation
for ¢ gives us (Fo)(y) = mo(y/2)(Fe)(y/2), from which we have

(Fo)(v)
(Fo)(y/2)

C (Ja+2c082my) AE )

(A +2c02my/2) A FE G/

(30 +2c08 1y/2)) e (ry) 2 sin? )
B (3(1 4 2cos? er))l/ze*”"y(JTy/Z)*2 sin? ry/2)

mo(y/2) =

7m.y(1 +2cos’my/2
= e _—

2, )
cos” y/2.
1+2cos?my ) v/

From Theorem 10.10 we may take v to have

(FP)(y) = " v(mo(Ly + H(Fe)(3y)

1+ 25in2%7'ry
1+2cos?my
1+ 25in2%ny

eZmy

12
v(y) sin%ny( ) (f(p)(%y)

— eZniy

172
() sin® by ) AGYTAF YY)

1+2cos?my
with v periodic of period 1. If we take v(y) = —e 2%, then the asserted formula
follows.

For (d) we observe that F~! (e—kay (F')(») = y(y — k) and hence that

(kz dee= 0 (F 1) (y)) = kz di'y (x — k). That s,
F a2 Fp) = 3 dily(x — b, (45)

k=—n

We saw in the proof of (a) that p, A'/? Fp converges in L?(R) to F¢. By continuity
of F~! on L*(R), the left side of () converges to ¢ in L*(R). Therefore

¢(x) = lim Z di'y (x — k), ()

k=—n
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the limit taken in L?(R). This proves the equality in (d). Since 'y has compact
support, the series in () is locally the finite sum of continuous functions. There-

fore the equality (1) is meaningful pointwise, as well as in L%(R), if we redefine
@ on a set of measure 0 so that it coincides with the pointwise sum.

For (e), let 'y 1 (x) = ~/2'y(2x — k). Changes of variables show that
Fnom = e 7CEFENGY. (1)
Without any justification of interchanges of limits, the argument for (e) is that

(FP)(y) = UGO(F '9)(Gy)

= kzi)o ure " (Fly)(3y)
-2 kio w(F 'y ) ®
-FV2 fjoo !y D).
Application of ! then gives
w(x)=ﬁk_§muk1yl,k<x>=2k_§wuk1y(2x—k). )

We shall interpret (%) as an equality in L?(R), with convergence in the L?
sense. With this interpretation the right side is locally a finite sum of continuous
functions and hence is continuous. Then the L? function v can be adjusted on a
set of measure O so as to agree with this continuous function, and the result is that
(3%) is also a pointwise equality, the sum being uniformly convergent on each
compact subset of R.

Thus we are to prove (%) in the L? sense. Since Fis a unitary operator from
L*(R) onto itself, (+%) is immediate from (%), and we are to justify the steps
of (). The first equality of (}) is merely a restatement of conclusion (c) of the
theorem, and the third equality follows from (7). For the second equality of (%),
we have substituted the series expansion of U (y), but we have left ambiguous
how to interpret this expression in terms of convergence. Is the convergence to be
that of periodic functions in L?([0, 2]), or is it to be convergence in L*(R) of the
whole expression? If we were working with ¢ instead of !y, the two would come
to the same thing, by Lemma 10.12b, but in our situation we have no comparable
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result. Finally the fourth equality of (¥) requires the justification of a clear-cut
interchange of limits.

We can handle both difficulties at once if we show that

lim [P = ¥ we ™R F )y =0,

|k|<n

the convergence being in L?(IR). The computation is

| = wemF iy

|k|>n

= 3" we ™ AGH PF )

|k|>n

= (& we ) acky

|k|>n

L2(R) L2(R)

L2([0,2])

by Lemma 10.12b applied to the space V; and the function ¢, ,, with the under-

standing that the measure on L?([0, 2]) is normalized so as to have total mass 1.
The right side is

< ( sup A(%y)”z)H Y upe T
0<y<2 |k|>n

£2q0,21)’

and this tends to O as n tends to infinity, since A(% v)!/? is bounded and >k lu 2
is finite. This completes the proof of (e).

For (f), the fact that each series is locally finite implies that we can differentiate
term by term away from the knots. The second derivatives are zero, while the
functions themselves are continuous. Thus ¢ (x) and ¥ (x) are splines of degree 1.
Their support is infinite since 'y has compact support and since arbitrarily large
translates of it are involved.

For (g), the idea is that the coefficients di and u; decrease geometrically fast,
while 'y has compact support. The reason for the geometric decrease of the
two sequences of Fourier coefficients is that the functions in question are the
restrictions to the unit circle of analytic functions in a neighborhood within C
of the unit circle. By Theorem B.47 of Appendix B of Basic, these analytic
functions each have Laurent series expansions valid within an open annulus that
contains the unit circle, and the usual estimates on Taylor coefficients imply that
the Fourier coefficients decrease geometrically fast. [
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FIGURE 10.10. Graphs of Battle-Lemarié scaling function and wavelet
of degree 1.  (a) Scaling function.  (b) Wavelet.

8. Battle-Lemarié Wavelets

In Section 7 we saw how splines of degree 1 of compact support with knots in
Z lead to a multiresolution analysis and a wavelet. The wavelet is known as the
Battle-Lemarié wavelet of degree 1. In more detail the B-splines of degree 1
with knots in Z are exactly the integer translates of one of them, which we called
'y, and they form a vector space basis of the space of all splines of degree 1 of
compact support with knots in Z. The closure of this vector space is the space Vj
of the analysis. Unfortunately the B-splines are not orthogonal to one another,
and an additional step was necessary to fit everything into our standard set-up.
In this section we shall consider the case of higher degree. The principles will
all be the same, but the technical details are more complicated. Before we begin,
let us pause to realize that this theory also works in degree 0. In this case the
splines in question are functions that are constant between consecutive integers
and have compact support, and the B-splines are the integer translates of the Haar
scaling function. When we follow through the construction, we arrive at the Haar
wavelet. The complication from nonorthogonal B-splines does not arise.
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Now we pass to degree m with m > 1. The first step is to exhibit a nonzero
spline of degree m with compact support and with knots in Z. Specifically we
seek an analog of the B-spline 'y. When m = 2, an analog is

%xz for 0 <x <1,

2y(x)= %—(}c—%)2 for 1 <x <2,
5 —3)? for 2 <x <3,
0 otherwise.

One readily checks that 2)/ and its first derivative are continuous at x =0, 1,2, 3
and that 2y is supported in [0, 2]. Thus y® is a nonzero spline of degree 2 of
compact support with knots in Z.

0.5 1.0 1.5 2.0 2.5 3.0

FIGURE 10.11. Graph of the B-spline 2y.

It is a little hard to see how to generalize the above formula, and a different
notation will make matters a little more transparent. Let us introduce the name
(+)4+ for the function with £, = max{0, t}. This is a spline of degree 1, and its
only knot is in Z; but it does not have compact support. The function ()% with
1" = (max{0, ¢})™ is a spline of degree m. It similarly has its only knot in Z, and
it too fails to have compact support. The integer translates of this function are of
the form (- — k)7 with (r — k)% = (max{0, t — k})™. We define

s +1
"y(t) = %Z(—l)"(ﬂk )(t—k){ﬁ.
T k=0

This formula agrees with the concrete formula for 2y (¢) given above. Also it
agrees with the formula ®y = I} 7 except at integer points.
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N W s U

1 2 3 4
FIGURE 10.12. Graph of the B-spline 3y.

The function ™y is a spline of degree m with knots in Z. It is nonzero because
if0 <t < 1,then™y(t) = (m!)~'#™ # 0. Itis certainly O when ¢t < 0. We shall
prove that it is O when # > m + 1. To do so, we make use of the first half of the
following combinatorial lemma.

Lemma 10.26.
(a) For any function g : R — R, write (§g)(x) = g(x) — g(x — 1). Then
forany m > 1, (8" g)(x) = i (—D*(?)g(x — k).
(b) For any function 7 : R — Ilg&z,owrite (eh)(x) = h(x + 1) — h(x). Then
forany m > 1, (¢"h)(x) = ki) (—l)m_k(',:’)h(x + k).

PROOF. In (a) the argument is for all g by induction on m. The case m = 1 is
the definition of §g. Assume inductively that equality holds form — 1 > 1. Then

§"g(x) = (8" (5))(x)

m—1
= X D"~k
m—1 m—1
= > D" g = = X DF(" g —k =1
k=0 k=0
m—1 m
= kgo (—DF(" Ngx — k) +1§ —D'(7Ngx =0
= 3 () — ).
k=0

and the induction is complete. Part (b) follows by applying (a) to the function
g(x) = h(—x). ]
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Returning to "y, we use Lemma 10.26 to show that "y (¢) = 0 fort > m + 1.

If t > m + 1, then
m+1

my(t) = kgo (DX = k™

Because of Lemma 10.26, we recognize the polynomial on the right side as
8™+ (™). The operation of § reduces the degree of a polynomial by 1, and hence
8MT1(#™) = 0. Thus we see that "y (1) =0 fort > m + 1.

This proves that "y is supported in the interval [0, m + 1]. Translating by an
integer, we conclude that the vector space of splines of degree m with knots in Z
and with support in [N, N 4+ m] is not O for each integer N.

Let us put that result aside for a moment and verify an integral formula for
"1y (x). In turn the integral formula will allow us to see that the integer translates
of "y (x) form a vector-space basis of the space of all splines of degree m of
compact support with knots in Z. Let us write

Jo = Ijo,1,

where [jg 1 is the indicator function of the interval [0, 1], and let us further define
inductively
Jm: m—1 *I[()’]] for m > 1.

We have defined Jy to equal °y = Ij.11, and we saw in Proposition 10.21 that J;
equals 'y. We are going to extend this result to higher degrees.

Lemma 10.27.
@ J/(x) =68J-1(x) = Ji—1(x) — Ji—i(x — 1) forl > l aslong as x ¢ Z if
[=1,

) [z f)N(x)dx = fR(sf)(x)Jl_l(x) dx forl > 1if f is of class C.

PROOF. For (a), we have J;(x) = (Jj_1 * 1[0’1])()6) = fol Ji_1(x — t)dt.
Differentiation under the integral sign gives

@) = [y I = 0ydt = —[J_ (x = DZ) = S () — Jmi (x — 1).

For (b), we first suppose that / > 1. Then the function fJ; is of class C and
has compact support. Therefore 0 = [, L(fJ)dx = [ fJ/dx + [ f'J; dx.
Substituting from (a), we obtain

Jo [/ @) i(x) dx = — [ f(x)J/(x)dx
= — o FC) o1 (x) dx + [ f()J—1(x — 1) dx
=— [p fG o1 (x)dx + [ fx + D1 (x) dx
= [pENHX) -1 (x) dx.
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Now suppose that/ = 1. In this case the function J; (x) fails to be C' at the points
x =0,1,2. We compute [, &(fJ)dx as f?l +f01 -l—flz—i-fz3 and see that it
equals [fJ1]0:_1 + [le]}(:O + [le])ZC:l + [le]izz. Because of the continuity

of Jyatx =0, 1, 2, we still get cancellation and we still have fR j—x(le) dx =0.
Thus the above argument extends to be valid for [ = 1. (]

Proposition 10.28. For m > 1,

@ "y(x) = Jux) form >0aslongasx ¢ Zif m =0, and
(b) [p"y@x)dx =1form > 0.

PROOF. For (a), we shall prove equality for each point xo. To handle xo, we
m

work with the function g(7) = ﬁ (xo — )" ' Fork < m — 2, its k™
m — !

derivative is the continuous function

_1\ym—k
(1) o

® (1) —
8 (t)—(m_k_l)

For k = m — 1, the k™ derivative for  # xq is

_ 1 for t > xg
g V@) =
0 for t < xp,

and it does not exist at t = x.
We have

In(x0) = [ Jm—1(x0 — ) Ij0,17(2)
= [} Ju1(xo — 1) dt

= x?—l Jn—1(s) ds under s = xo — ¢

= froxgot Im1 @O dt = [i_ T () di
= [z (8" V@t + 1) — g V(1)) ]y dt
= [p(eg™ ) (t) -1 (1) dt.

From here we can apply Lemma 10.27b recursively. The above expression is
= [r(e28" ) (1) () dt
== e g0 (1)
= Jp(e"g) (1) Jo(t) dt
= Jp ")) dt
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-5 En_z 1—)m1_)1: (’Z) Jo Go =t =Ky~ de

- %ml_)k' (IZ) Sy st ds

B é) (_2;'”{ (r;':) (o — k)T — (xo —k — D)

B ,:0 (_2:” (7:) (o — k)% + Tél (_;)!ml <z " 1>(x0 —
B :O (_27_1( (m : 1) (xo — k)"

="y (xo).

This completes the proof of (a).

For (b), we have [, "y (x)dx = [, Ju(x)dx. The integral over R of the
convolution of two functions is the product of their integrals. Thus fR Jn(x)dx
is the product of m + 1 factors of 1.

Corollary 10.29. The vector space of splines of degree m with compact
support contained in [0, m] and with knots in Z is 0.

PROOF. We proceed by induction on m. For m = 1, a spline of degree 1 with
support in [0, 1] and knots in Z is given for 0 < x < 1 by a linear function s(x),
and the support condition implies that s(0) = s(1) = 0. Then we must have
s =0.

Assume the result for degree m — 1 > 1. If s(x) is a spline of degree m with
knots in Z and with support in [0, m], then the derivative s’ (x) is a spline of degree
m — 1 with knots in Z and with support in [0, m]. Arguing by contradiction, we
may assume that s(x) is not the O spline, so that s’(x) is not the O spline. Since
m=1,, is a spline of degree m — 1 with knots in Z and with support in [0, m],
the boxed jump formula in Section 7 shows that s'(x) — ¢ "'y for a suitable
constant ¢ # 0 is a spline of degree m — 1 with knots in Z and with support
in [1, m]. By inductive hypothesis the difference must be 0. Thus s'(x) is the
nonzero constant multiple ¢ of "~!y. However, any spline of compact support
that is a derivative has integral over R equal to 0, and Proposition 10.28b shows
that ™! y has nonzero integral. We conclude that s" = 0, and we have arrived at
a contradiction. (]

We write "ypx(x) = "y (x — k) for the integer translates of the spline "y.
Each of them is a spline of degree m of compact support with knots in Z.
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Comparison of their supports shows that they are linearly independent. The
functions "y ; are called B-splines of degree m, the “B” short for basis. The
following result justifies this terminology.

Corollary 10.30. The B-splines of degree m, i.e., the integer translates of
"y, form a vector-space basis of the space of splines of degree m with compact
support and with knots in Z.

PROOF. We need to prove spanning. Suppose that a given spline s (x) of degree
m with knots in Z is supported in [M, N] with M < N. Corollary 10.29 shows
that M +m + 1 < N unless s is the O spline. We shall subtract a multiple of a
B-spline to reduce the support. Since s(x) vanishes for x < M and since s(x)
is of class C"™~!, s® (M) = 0 for k # m. Let us say that s’ (x) has a jump by
catx = M, c possibly being 0. In this case the boxed jump formula shows that
s(x) = m!)'e(x —M)" for M < x < M+ 1. Consequently s(x) —c "vo.m(x)
isaspline of degree m, and its support is containedin [M 41, max{M +m-+1, N1},
which is contained in [M + 1, N] since M +m + 1 < N. The support has been
reduced, and in finitely many steps we end up with the difference of s(x) and a
linear combination of B-splines exhibited as supported in the interval [N —m, N1].
By Corollary 10.29 this difference is 0. In other words, s(x) equals a linear
combination of B-splines. O

Corollary 10.31. The Fourier transform of the B-spline "y is given by

(F"y)(y) = e~ mtDmiy (_Sin ”y>m+1.
my

PROOF. The Fourier transform of a convolution is the product of the Fourier
transforms, by Proposition 8.1c of Basic. Thus the result follows by combining
Propositions 10.20 and 10.28a. O

In our effort to generalize Theorem 10.25 to higher order splines, we are up
to the stage of testing the B-splines for the extent to which they are orthonormal.
Two B-splines with overlapping support are certainly not orthogonal, but we
calculate the sum

M) = 3 I(F™")(y+ D2

l=—00

anyway. As before, this is a periodic function of period 1. Once again we combine
Corollary 10.22 with the appropriate case of Corollary 10.24. Then
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& o |sinm(y + 1) |2m+2
Ao (y) = [(F™y)(y +DI* = —
2ty l:z—:oo v I:Z:oo‘ 7T(y+l)
B sin?" 2 (ry) & 1

2

2m+2 e (y + l)2m+2

B sin2m+2(7ry) d2m ( 77,'2 )
©@2m A+ D22 dy2m \gin? 7y /)

The values of Aj,(y) for 1 < m < 4 appear as a table in Figure 10.13. We shall
be ready to state a generalization of Theorem 10.25 once we prove the following
lemma.

Lemma 10.32. For each m > 1, the function
2

sin2m+2(7ry) dZm ( T

Bom(y) = @2m + D! 7 2m+2 dylm

sin? Ty )
is a polynomial in sinry and cos wy with P,,, (y) > O for all real y.

PROOF. Let ¢(y) be any polynomial in sinzy and cos wy. The formula

i( q(y) ) _ 4O kg(y)cosmy  g'(y)sinmy —kq(y)cosmy
dy sin® ry sin* Ty sinf+! 7y

shows that the derivative of a quotient of a polynomial in siny and cos wy by
a power of siny is the quotient of a polynomial in sinwy and cosy by one
higher power of sinry. Consequently the expression Ay, (y) in the statement of

the lemma is indeed a polynomial in sinzy and cos y.
The computation before the lemma shows that

sinf ry

& |sinw(y + 1) |2m+2
@m + D172 Aoy (y) = Qm 4+ 1) 72" ‘7

; RN ey
The expression on the right side can vanish only if sinw(y 4+ /) = 0 for all /,
hence only if y is an integer. By periodicity we have only to examine y = 0.
There the quotient sin(ny)/(ny) isnot 0. So Ay, (y) is positive for all y. ]

Ao (y)
12+ 2cos27y)
a5 (33 + 26 cos 2y + cos 4mry)
3955 (1208 + 1191 cos 2y + 120 cos 47y + cos 67ry)
gglﬁ(GZ +1072cos? wy 4 1452 cos* 7wy + 247 cos® 7y + 2 cos® 7y)

AW O ~|3

FIGURE 10.13. Values of Aj,,(y) for small m.
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Theorem 10.33. For m > 1, define

Aom(y) = Y I(F " +DP.

[=—00

Let V; be the closure in L?(R) of the space of all splines of degree m of compact
support with knots in 27/7Z, let "y be the B-spline of degree m defined above
and having Fourier transform as in Corollary 10.22, and let ¢ be the member of
L?(R) defined by

FO) ) = Do) VHF "Y)().

Then

(a) the integer translates of ¢ are in V;y and form an orthonormal basis of it,

(b) {V; }]?’if ~ and ¢ constitute a multiresolution analysis,

(c) the corresponding wavelet ¥y may be taken to have Fourier transform
(F¥)(y) equal to

1/2
rean) A REGY.

sOGin™ ! 4y (

where s(y) is 1 if m is odd and is €™ if m is even,
(d) the Fourier series Ay, (y)~1/? = Dk die= 7% has the property that ¢ (x)
is given by ¢(x) = Y, di""y (x — k), the series being locally a finite sum,
(e) the Fourier series ) _, uge Tk of period 2 of the function

AZm(%y + %)

12
Aoy (L)~ 112
Azm<y+1)) 2n(23)

U(y) = s(y)(sin” ! %ny)(

has the property that ¥ (x) is given by ¥ (x) =2 ), u;"y (2x — k), the
series being locally a finite sum,

(f) ¢(x) and ¥ (x) are splines of degree m with infinite support, the knots of
@ being in Z and the knots of ¢ being in %Z,

(g) ¢(x) and ¥ (x) decay exponentially fast as |x| tends to infinity.

REMARK. The wavelet obtained from Theorem 10.33 is called the Battle—
Lemarié wavelet of degree!” m. See Figures 10.14 and 10.15 for graphs of ¢
and v in the cases m = 2 and m = 3.

17 As was mentioned in connection with Theorem 10.25, terminology varies. Some authors use
the word “order” in place of “degree.” Some authors shift the indices by 1, saying that the case here
is of order m + 1.
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FIGURE 10.14. Graphs of Battle—Lemarié scaling function and wavelet

of degree 2.

(a)

(a) Scaling function.

o o o
= o

o
N

(b) Wavelet.

(b)

FIGURE 10.15. Graphs of Battle-Lemarié scaling function and wavelet

of degree 3.

(a) Scaling function.

(b) Wavelet.
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PROOF. Lemma 10.32 shows that P,,,(y) is a polynomial in sin 7y and cos 'y
that is everywhere positive. Being a continuous periodic function that is every-
where positive, Ay, (y) is bounded above and below by positive constants. We
can therefore use the orthonormalization trick introduced in the proof of Theorem
10.25 to show that the integer translates of ¢ form an orthonormal set.

For (a), we define ¢ x(x) = ¢(x — k), and let V be the closure of its linear
span. We use Lemma 10.12 to argue as in Theorem 10.25a that V = V.

For (b) we use Propositions 10.15 and 10.17 just as in the proof of Theorem
10.25b to complete the argument that {V; }]?'i_ o and ¢ constitute a multiresolution
analysis.

For (c) we have to compute 1. The Fourier transform of the scaling equation
gives us (Fo)(y) = mo(y/2)(Fe)(y/2), from which we have

(Fo)(y)
) — T
012 = Fo (/2
_ D TPE IO
Aoy (y/2)7V2H(F 1y)(y/2)
A2m(y)71/2ef(m+l)m'y(ny)f(er]) Sil’lm+1 Ty

Ao (y/2)~ 12~ 20m+ DTy (73, y2)=(ntD) i+ 7y /2

1
— e—%(m-i-l)ni}’(Azm(fy))l/Z cos™ ! lTL’y.
AZm(Y) :

From Theorem 10.10 we may take
(FY) ()= " v(5yImo(3y + 3)(Fp)(5Y)

_ em‘yv(%y)e%(m+1)myegm(m+1)
A2m(%y + %)
A2m(y + 1)

_ v(%y)e%(m+3)niye4l(m+l)ni

172
x (sin"™*! Ly ( ) Fody

1/2
o) A PE G,

x (sin™*! %ny)(

with v periodic of period 1. If we take

1 : T . .
e~ am+Dmi p—(m+3)miy if m is odd
e—}'(m+l)nief(m+2)7riy

v(y) = {

if m is even,
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then
1 if m is odd

1 Ym+3)wiy L m+Dmi
U(Ey)EQ( iy 55 ( i -

e if m is even,

and (c) follows.
The proofs of (d) through (g) are straightforward adaptations of the corre-
sponding arguments within the proof of Theorem 10.25. O

9. Daubechies Wavelets

Recall that the Haar wavelet has the desirable property of having compact support
and the undesirable property of being discontinuous. Studying the Haar wavelet
in the context of the general theory of wavelets leads one naturally to the question
whether there are continuous wavelets of compact support. The existence of the
Daubechies wavelets, as established in this section, gives an affirmative answer
to this question.

Indeed, the compactness of their supports is such a helpful property that the
Daubechies wavelets are the ones used in many applications. Although the general
method used in their construction allows for many alternative formulations, their
usual definitions include just one wavelet for each positive integer N, which is
called the order. The order of a Daubechies wavelet is one more than the degree
of a certain polynomial used in the definition of the scaling function, and it is half
the number of nonzero coefficients of the generating function'® m. It is related
to the order of differentiability of the wavelet in a complicated way that will be
discussed in part in the next section. The Daubechies wavelet of order 1 is the
Haar wavelet. All Daubechies wavelets of higher order are continuous. Unlike
with the Meyer wavelets, there is no Daubechies wavelet of infinite order; we
shall see in the next section that no compactly supported wavelet of class C*
exists.

No closed form is known for the definition of the Daubechies wavelets of
order greater than 1. They are constructed within the context of a multiresolution
analysis by a limiting process.

The starting point for the construction is the scaling equation, specifically the
generating function m that appears in the scaling equation. Recall that the scaling
equation is of the form

o0

px)= > akﬁw(Zx —k)

k=—00

18The function mg is sometimes called the scaling filter or low-pass filter, but its role as a filter
will not be part of our discussion until Section 11.
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for constants q; = fR ﬁ(p(x)(p(Zx —k)dx with ) lax|*> = 1 and that the
associated generating function is given by

o0 .
mo(y) = \%2 Z ake_zmky.

k=—00

If ¢ has compact support, then a; can be nonzero for only finitely many &,
and hence mo(y) is a trigonometric polynomial.!” Following the Daubechies
approach, we wish to arrange that the scaling function ¢ is real-valued and has
compact support. The inner product formula for the coefficients a; then shows
that ay, is real for all k.

The wavelet is given by a similar equation, the wavelet equation, with coef-
ficients by related to the a;’s. As a consequence only finitely many b;’s will be
nonzero, and thus we see that having ¢ of compact support forces the wavelet 1
to have compact support.

Before beginning the construction, let us peek ahead and see that the com-
pactly supported scaling function ¢ must have [(F¢)(0)| = 1. (In particular,
¢ must have nonzero integral over R.) Since ¢ is to be a scaling function for a
multiresolution analysis, the integer translates of ¢ are to form an orthonormal
set. The closed linear span of the integer translates will be the space V, and we
form spaces V; as usual. The intersection of the V;’s is 0 automatically, according
to Proposition 10.15. But when the V; are increasing, it is not automatic that their
union is dense in L>(R). Proposition 10.17 gives a sufficient condition, namely
that F ¢ is a bounded function that is continuous and nonzero at y = 0.

Since ¢ is in L?(R) and has compact support, it has to be in L'(R) and its
Fourier transform F ¢ has to be bounded and continuous. But what about the
condition (F ¢)(0) # 0?7 Let us see that the union of the V;’s will actually fail to
be dense in L?(R) unless |[(F¢)(0)| = 1. In fact, let f be any nonzero member
of L?(R) whose Fourier transform is bounded and is compactly supported, say
in the interval [-M, M]. If P; is the orthogonal projection on V;, then Lemma
10.16 gives

1P f13 = [ (F HOPIF @)@ y) 2 dy

when j is large enough so that2/~! > M. The integrand is bounded by a multiple
of |(F £)(y)|?, and dominated convergence gives us

lim 173 £15 =[5 1F DPIFQO)F dy
= FOOPIF [ =1FOFIfI5.

19A trigonometric polynomial is defined for current purposes to be a polynomial in €27 and
—2miy
e .
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If U ; V; isdense in L?(R), then the left side equals || f ||%, which we are assuming
is nonzero. Then it follows that |(F ¢)(0)| = 1. Hence a ¢ with compact support
cannot yield a multiresolution analysis unless [(F¢)(0)| = 1.

We are ready to construct the multiresolution analysis. For each step we
shall derive necessary conditions and then either show that those conditions are
sufficient or add some additional conditions to make them sufficient. These are
the two steps:

(1) find the possible trigonometric polynomials that might serve as my,
(2) find how to determine ¢ from m, and find conditions on ¢ so that ¢ is
the scaling function for a multiresolution analysis.

Step 1. In this step we look for m in the form of a trigonometric polynomial.
Let us write down conditions that mo must satisfy. A first condition is the identity

Imo)I* + Imo(y + HI* =1

given by Lemma 10.13. We do not need to add the words “almost everywhere”
because m as a trigonometric polynomial is automatically continuous. We have
just seen that we must have (F¢)(0) # 0. From the Fourier transform of the
scaling equation, namely

(Fo)(y) = mo(y/2)(Fe)(y/2),

we see that mo(0) = 1. Since |mo(0)|* + |m0(%)|2 = 1, we see that mo(%) =0.

Then we can write i
14 e “TI\N
—5—) £O)

for some trigonometric polynomial £(y), where N > 1 is the order of the zero
of mo(y) aty = % It will be observed in the proof below that since m(y) has
real coefficients, so does L(y). In Propositions 10.34 and 10.36 below, we shall
determine all the functions m that satisfy all conditions so far.

mo(y) = (

Proposition 10.34. Let a trigonometric polynomial mo(y) with real coeffi-
cients be given in the form

L

) £

mo() = (

with N > 1. If m satisfies the equation |mo(y)|* + [mo(y + 3)> = 1, then the
trigonometric polynomial L(y) = |£(y)|? can be written as

L(y) = P(sin*my)
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for some ordinary polynomial P of the form

P(w) = Py(w) + w¥R($ — w)

NV /N —1+k
PN(w)=Z( k+)wk

k=0

with

and with R an odd ordinary polynomial such that P(w) > 0 for0 < w < 1.
Conversely if the trigonometric polynomial L(y) = |£(y)|? with real coefficients
can be written as

L(y) = P(sin® wy)

for some ordinary polynomial P of the form

P(w) = Py(w) + wNR(% —w)

N /N —1+k
PN(w)=Z< L + )wk

k=0

with

and with R an odd ordinary polynomial such that P(w) > 0 for0 < w < 1, then

1 + e 27y

REMARKS. What Proposition 10.34 says briefly is that a trigonometric poly-
nomial mo(y) = (5(1 + =" ))Nﬁ(y) satisfying the functional equation leads
us to a certain kind of polynomial P and that that kind of P leads us back to the
integer N and the modulus squared |£(y)|?> of the function that appears in the
formula for mo(y). To get all the way back to m(y), rather than merely back to
|mo(y)|?, we need a way of passing from | £(y)|? to £(y). That step is postponed
to Proposition 10.36.

N
> L(y) satisfies the equation |m0(y)|2—|—|m0(y—|-%)|2 =1.

To prove Proposition 10.34, we need a lemma.

N-1
Lemma 10.35. Let Py(w) be the polynomial (ZNk_l)wk(l — w)Nk-1,
k=0
Then Py has the properties
(@ Py(w)(1 —w)V +wVPy(l —w) =1,

(b) Py(w) = Nf (I wk,
k=0

(© 0<Py(y) < Pv()= (") foro<y<1.



502 X. Introduction to Wavelets

N Polynomial Py (w)
1 1

2 142w

3 1+ 3w + 6w?
4

5

6

7

1 + 4w + 10w? + 20w>

1+ 5w + 15w? + 35w° + 70w*

1+ 6w + 21w? + 56w° + 126w* + 252w°

1+ 7w + 28w? + 84w® + 210w* + 462w> + 924w®

FIGURE 10.16. Table of values of the polynomial Py (w)
used in defining the Daubechies wavelet of order N.

PROOF. The Binomial Theorem gives
1=+ (1—w)N!
2N-1
2N —1
— Z ( )wk(l _ w)ZN—l—k
k=0 k

N-—1
=(1-w)" )" <2N B l)wk(l Y

k=0 k

2N—1
+wh Z <2N - 1>wkN(1 — )21k
k=N k

=1 —=w)NPy(w) + w" Py —w).

N—1
This proves (a). For (b) we observe that Qy(w) = Y (N 7](“1{) w* equals the
k=0
sum of the terms of the Taylor series of (1 — w)™" about w = 0 through order
N — 1. From the result of (a),

(1—w)™ = Pyw) + w1 —w) NPyl —w).

On the other hand, Py (w) on the right side is a polynomial of degree N — 1, and
the other term on the right side is the product of w”" and an analytic function for
lw| < 1. Thus Py(y) = On(y). This proves (b). For (c), we use the result

N-1 N-1
of (b) to see that 0 < Py(y) = Y (N_ka)yk < > (N_ka) = Py(1), and

Py(1) = (*N;'") from the definition of Py (w). This proves (c). O
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PROOF OF NECESSITY IN PROPOSITION 10.34. If a trigonometric polynomial
m(y) = Y cre >™* with real coefficients is divisible by 1 + =27, say as
m(y) = q(y)(1 + e 2" with g(y) = . dre 2% equal to a trigonometric
polynomial, then we see that ¢, = dj +d— for all k. Since dy_; = 0 for some £,
it follows that we can recursively determine the coefficients dj and see that they
are real. Iterating this result, we see that the trigonometric polynomial £(y) in
the statement of the proposition has real coefficients.

The function L(y) = |£(y)|? is a trigonometric polynomial with real coef-
ficients, say L(y) = . Aze~ >k and it is real valued. Taking its complex
conjugate, we see that Ay = A_; for each k, hence that L(y) is a finite linear
combination of the functions cos 2 ky with real coefficients. Each cos2zky is a
polynomial function of cos 27y, and thus L(y) is a polynomial in cos 2wy with
real coefficients, say L(y) = Q(cos2ry).

Consider |mq(y)|?. This has

14 200\ N /] 4 27y
2 ) ( 2

2 N
= (cos”y)" Q(cos2my). (%)

Since sin’ 1y = %(1 — cos2my), we can rewrite Q(cos2wy) as P(sin®y)
for a polynomial P with real coefficients. Define a function w = w(y) by
w(y) = sin? my. Then 1 — w(y) = cos® 7y, and (%) becomes

Imo(1* = (1 —wy)HY Pw()). (%)

To work with the corresponding formula for |mg(y + %)lz, we need to compute

imo)P = ( ) L

w(y—{—%). Observethatsinn(y—i—%) =sinmycosm/24cosmysinm/2 = cosmy.
Thus w(y + %) =sin’ 7 (y + %) =cos’my =1 —sin’mwy = 1 — w(y), and
Imo(y + DI =1 —w(y+ )NV Pw(y+3) = ) PA —w(i). (1)
Adding (xx) and (}) gives
L= ImoW)* +Imo(y + DI* = A —w)"Pw) + w" P(1 —w). ()

In view of Lemma 10.35a, we have 1 = (1 — w)V Py(w) + w" Py (1 — w).
Subtracting (1) and this equation gives

(1 —w)V(P(w) — Py(w)) + w" (P(1 —w) — Py(1 —w)) =0, (%)

from which it follows that w® divides P(w) — Py (w).
Let write P(w) — Py(w) = wNR(% — w) for a polynomial R. Equation ()
shows that

w1 = w)"RG —w) +w¥ 1 —w)"RG — (1 —w)) =0.
Hence R(—w) = —R(w), and R is odd. ]
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PROOF OF SUFFICIENCY IN PROPOSITION 10.34. If L(y) = |£(y)|* can be
written as L(y) = P(sin’ 7 y) with P of the form
P(w) = Py(w) + w"R(3; — w)
and R odd, then we use Lemma 10.35a to write
Py(w)(1 —w)" + w" Py(1 —w) = 1. ()
The oddness of R ensures that
w¥R(G —w) (1 —w)V + w1 —w)VRG - (1 =w) =0. (¥
Adding (1) and (§) gives
Pw)y1—w)N +w"P1 —w)=1.
Substituting w = sin® 7y shows that
P(sin® 7y)(cos® )V + (sin® y)¥ P(cos’ wy) = 1. (88)

We saw in (xx) that |[mo(y)|> = (1 — w)Y P(w) and in (%) that [mo(y + %)l2 =
w" P(1 — w). Substituting these two relations into (§§) gives

Imo()I? + Imo(y + DI* = 1,
as required. O

M

Proposition 10.36 (Fejér and F. Riesz).’ If t(y) = Y e ™* is a
k=—M

trigonometric polynomial that is everywhere > 0, then there exists a trigonometric

M
polynomial L(y) = )_ dre=7" % such that t(y) = |L(y)|>. If all the ¢; are
k=—M
real, then all the d;, can be taken to be real.

REMARKS.

(1) Proposition 10.36 adds to Proposition 10.34 a final step in the inverse
direction. Instead of merely passing from a certain kind of polynomial P to
the integer N and |£(y)|?, we can now pass back from P to N and L(y) itself,
therefore to my.

(2) No uniqueness result is asserted in Proposition 10.36. In the construction
of L(y) in the proof below, we do not need to take all the roots «; inside the unit
disk and none of the roots @; ~! outside the unit disk. We merely have to select
one root from each pair o, @; ~1. If there are r pairs of roots, the total number
of possibilities for L(y) is 2".

20The original version appears on page 117 of the book by Riesz and Sz.-Nagy.
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PROOF. We may assume that 7 (y) is not identically 0. Since 7 (y) is real valued,
we have an equality

M M M
Z c_ke2mky — Z ck672mky — l(y) — (y) — Z ae2mky’
k=—M k=—M k=—M

and we must have equality term by term. Therefore c_; = ¢ for all k. We may
assume that M is as small as possible, and then c_j; # 0. Define an ordinary
polynomial by

Q@) =coy+ -+ =y + - +y™.

Then ' _
t(y) = MY Qe HY) (*)

and

M0 =00@). ()

From (xx) it follows that if Q(z9) = 0 with z¢ outside the closed unit disk, then
0(1/79) = 0 with 1/ 7Zg inside the unit disk, and vice versa. Furthermore, the
multiplicities match. Observe that Q(z) cannot vanish at 7 = 0 because c_y; # 0.

Suppose that Q(z) has a zero at e=2"% of order m. Then 6 — Q(e~2"%) has
a zero at 6 = 6, and this zero is of the same order m because the exponential
function has a locally defined inverse about every point of its image. Similarly
0 > e*"M0 (=279 has a zero of order m at & = 6. This function is real-
valued, matching 7 (0) for 6 € R, and it equals the sum of a multiple of (6 — 6y)"
and a small error term for |6 — 6| small. Since ¢ takes on no negative values, m
has to be even.

All that being so, let {o;} be the zeros of Q(z) inside the open unit disk,
repeated according to their multiplicities, and let {8;} be the distinct zeros of
Q(z) on the unit circle, with 8; having multiplicity 2m;. Since a polynomial is
determined up to a multiplicative constant by its roots and their multiplicities, we

have
0(z) = (z—a)z— ()" (z— ™™
Z c(l?[z a;)(z a; )(1:[ Z & )
and
t(y) — Ce27riMy<l_[ (ef2m'y _ O(/)(672niy _ (O[—j)fl))(l_[ (672711')' _ ,Bk)zmk)-
J k
Put

r = (T —ap) (T = go™).
7

k
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Then
2 —27i 2 —27i 2
ro = (TT 1™ = o) (T 1e7 = pu™)
j k
Now
—27i 2 —2riy iy _
e — " = (e —aj) (e —a))
— _e27riya—j(ef2m'y _ Olj)(e727riy _ (O(_j)il)
and
~2riy 2 —2ni iy _ B 2 2wy, ~2niy 2
le™™ — Bl = (e77 = B (e — Br) = —Bre V(e T — Br)”.

Comparing, we see that there is some integer p with
Ir()|> = c'e¥Pt(y) and with ¢’ in C.

Since |r(y)|? and ¢(y) are nonnegative and not identically 0, we see that ¢’ is
positive and that p = 0. Putting £(y) = r(y)~/c’ ~!, we obtain a trigonometric
polynomial whose absolute value squared equals 7 (y).

If all the ¢, are real, then Q(z) has real coefficients and its roots come in
complex conjugate pairs. If o; used in the definition of 7 (y), then we use @; also,
with the same multiplicity. Then the result is that r (y) has real coefficients, and
so does L(y). ]

Step 2. In this step we determine ¢ from mo. We start from the Fourier
transform of the scaling equation,

(Fo)(y) = mo(y/2)(Fe)(y/2).

We know from earlier that my(0) = 1, that mo(%) = 0, and that mg is a
trigonometric polynomial periodic of period 1. If we iterate the formula, we

obtain
n

Fo)) = (] mo@77y))(Fp)(27"y).

Jj=1

Proposition 10.37. If ¢ is a compactly supported scaling function, then the

infinite product
n

[T mo277y)

j=1
converges (to a limit that is nonzero at points where all the factors are nonzero),
the convergence being uniform on compact sets in R, and

o0

(Fo)» = (1 mo@277y))(F)(0)

j=1
with | (F)(0)] = 1.
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PROOF. Fix M > 0. We prove uniform convergence for |y| < M. By Taylor’s
Theorem, |mo(y) — 1| < C|y| for |y| < M, say. Then also |mo(27/y) — 1] <
oo

C27/M. Since Y C27/M converges, the given infinite product converges as
j=1
asserted.?! Therefore
oo

(Fe)y) = (TT mo@77y)( lim (Fp)2™")).
j=1 "
The second factor on the right equals (F ¢)(0) since the Fourier transform of the
L' function @ is continuous, and we have seen that |(F ¢)(0)| = 1. O

Now let us consider the converse direction, to pass from mg to ¢. We need to
remember that we are seeking a real-valued ¢. Then (F ¢)(0), being the integral
of ¢, must be real, and so we must have (F¢)(0) = £1. This minus sign is
harmless, and we might as well aim for (F¢)(0) = 1 and define F¢ by the
product formula in the proposition:

o
Fo)(y) = l_[1 mo(277y).

j=
Sadly if we start from mg produced from Step 1 and we define ¢ this way, the
result is not necessarily a scaling function: the set of its integer translates can
fail to be orthonormal. We need an extra assumption. A necessary and sufficient
condition is known, but we shall not give it. Instead we give a sufficient condition
that we can easily verify in the examples of interest.

Proposition 10.38. Suppose that m(y) is a trigonometric polynomial such
that
(1) mo(0) =1, 1
(i) |mo(Y)|* + Imo(y 4+ 3)I* = 1, and
(iii) mo(y) is nonzero for |y| < 1.

1
Define ~
h(y) =[] mo(277y).
j=1

Then the infinite product converges uniformly on compact sets of R, and the
limit function /4 is a smooth function in L?(R) with #(0) = 1. Moreover the
inverse Fourier transform ¢ = F~'h has compact support, has the property that
its integer translates are orthonormal, and satisfies the scaling equation (Fg)(y) =
mo(y/2)(Fe)(y/2). Consequently ¢ is the scaling function for a multiresolution
analysis. If mg(y) has real coefficients, then ¢ is real-valued.

21 For a proof of the standard facts relating convergence of infinite series with convergence of
infinite products, see the author’s Elliptic Curves, page 195. For the uniformity of the convergence,
we are incorporating the Weierstrass M test into the relevant theorem.
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PROOF. For the moment let us regard the variable y as complex. Observe that
mo(y) is a trigonometric polynomial and is therefore entire. We check that the
product defining A (y) converges uniformly on compact subsets of C, and hence
h(y) is an entire function.’” Fix K > 0. From assumption (i), mo(0) = 1,
and therefore |mg(y) — 1| < Aly| for all complex y with |y| < K. Then also

(0.¢]

lmo(27/y)—1] < A27/K. Since Y A27/ K converges, the given infinite product
Jj=1
h(y) = ]_[fi , mo(277 y) converges uniformly?® on the compact subset of C where
|y| < K. The number K being arbitrary, /(y) is an entire function of the complex
variable y.
We are going to estimate the size of /2(y) as a function of the complex variable y.
We begin by estimating the size of the entire function m(y). Write mg out in

M
the form of a trigonometric polynomial as mg(y) = % > are ¥R, Since
k=—M

mo(0) = 1, we have

M M
Z Lak672niky — 1= Z Lak(efﬁrky _ 1)
k=—M ﬁ k=—M ﬁ
and thus
% 1 | || 2rwiky 1|
lmo(y) — 1] < —=laxlle — 1.
k=m V2
% 1 L
Put C = —=|ax|. Let us record that —=a; = 1 implies
k=m V2 m Y
L
C=Y Llal>1. (*)
k=—M

By comparing power series term by term, we have

|e2mky _ 1| < eanly\ —1 < eZany\ _ 1,

Consequently

M

-1 L 27MIyl _ 1)y = C(2MIYI — 7).
lmo(y) = 1] < (k:X_:Mﬁlakl)(e )=Cl(e )

22 A sequence of analytic functions converges to an analytic function if the convergence is uniform
on compact sets, according to Problem 55 in Appendix B of Basic.

23This is the same argument as in the proof of Proposition 10.37 except that we are now allowing
the variable to be complex.
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Since C > 1 by (), we have

C™Mbl _ 1y = 3° COmMIvD" > GreMDDT _ el _ .
n=1 I’l! - n=1 I’l!
Thus
Imo(y)] < 14 |mo(y) — 1] < MV, (%)

] .
The product of the first J factors defining 2 (y) is [ | mo(277 y), and its absolute
Jj=1
value, according to (), is

J J _ J _
[T Imo(27y)| < [] M2V = exp (2nCM|y| Y. 277) < 27CMI,
Jj=1 j=1 j=1

Letting J tend to infinity, we obtain
|h(y)| < 7ML, ()

This estimate, which we shall return to a little later, is summarized by saying that
the entire function %(y) is of exponential type.

For the reminder of the proof, y can be regarded as a real variable. Let us write
the inner product of f and g in L>(R) as (f, g), and let us define a translation
operator Ty, : L>(R) — L*(R) for k € Z by T; f (x) = f(x — k). Each operator
Ty is unitary. Put

C=1{feL’®)|Ifll,=1and (f, Ti f) = 0 for all k # 0 in Z}.

We shall prove that C is a closed set. In fact, suppose that { f,,} is a sequence in C
convergent to f in L?(R). Since the norm is continuous, || f l, = 1. For nonzero
k in Z, the equality

(s T f) — (s T fo) = (f = Jfos Te f) + (s Ti f — Tic fn)

together with the triangle inequality, the Schwarz inequality, and the fact that 7}
is unitary give
| T f) = (s Te Sl < WL = fullo W Tk flly + 1 fullo 1Tk Cf = Sl
=1L = fala + M fall L = fall,
=2[1f = fallp:

The right side has limit 0. Since k # 0 and f, is in C, the left side reduces to
|(f, Tx /)|, and consequently (f, Ty f) = 0. Thus C is a closed set.
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Let ¢y be the L? function with Fgy = I 11 i.e., the scaling function of
the Shannon wavelet in Section 4. It was shown in the proof of Theorem 10.14
that the integer translates of ¢y are orthonormal. Hence ¢y is in C. Since my
has to be bounded as a function of a real variable, we can define L? functions ©On
inductively for n > 1 by

(Fe) () = (Fpo) 2" y)mo(27'y) - - -mo(2™"y). (P

We shall prove inductively that each ¢, is in C. The base case n = 0 of the
induction having been settled, assume inductively that ¢,_; is in C. Since

(Fon)(y) =mo(y/2)(Fen,—1)(y/2), we have

YAFe) @ +DP = 3 ImoGGO +D)PIF o) (G +D)I?

leZ [ even

+ [de mo(3(y + D)PI(F -1 (50 + D)

= |m0(%Y)|21% [(Feu-D) Gy + DI

+1mo(Gy + DY N(Feu) Gy + D + DI
leZ

= ImoGy)* + ImoGGy + DI,

the last equality holding by Lemma 10.11 and the inductive hypothesis. The
last line of the above expression equals 1 by assumption (ii), and it follows from
another application of Lemma 10.11 that ¢, is in C. This completes the proof by
induction that ¢, is in C.

We know that the partial products ]_[jlzl mo(2=/y) converge uniformly on
compact sets to what we have defined to be i (y). Since (F¢p) is continuous at 0
and has (Fg)(0) = 1, a glance at () shows that

li,gn(F o) () = h(y)

uniformly on compact sets. Applying Fatou’s Lemma?* to the absolute values
squared, we obtain

Je |hI>dy < liminf [ [(Fe,)(»)* dy.

The right side equals 1 since ¢, is in C, and therefore the restriction of the entire
function & to R is in L*(R) with [|k], < 1. We let ¢ = F 'k, so that ¢ is in
L*(R) with |lg]l, < 1.

24Theorem 5.29 of Basic.
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We know that lim(F ¢,) = F ¢ uniformly on compact sets, and we are going
to prove that the convergence takes place in L?(IR). Once we have done so, the
Plancherel Theorem will yield lim ¢, = ¢ in L2(R). Since Cis closed and each ¢,,
is in C, we will then have proved that the integer translates of ¢ are orthonormal,
and we will be on our way toward obtaining a multiresolution analysis.

To prove that Fg, converges to F¢ in L>(R), we are going to use dominated
convergence, showing that for all n, [(F¢,)(y)| is < C1|(Fe)(y)| for some
constant C and all real y. By assumption (iii), |mo(y)| is nonzero for real y with
ly] < i. The function mq(y) is continuous (being a trigonometric polynomial),
and thus there is a positive number ¢ such that [my(y)| > ¢ > 0 for real y with

ly] < i. By the uniform convergence of the partial products of #(y) on compact

sets, we can choose an integer J large enough so that [];_, lmo(y277)| > %

whenever |y| < % and y is real. Then we have

J J
(Fo)(»)] = ( jl mo(y2~))( TT Imo(y2~7)|) = 1 ] Imo(y2~9)| = Le/
Jj= j>J Jj=

for |y| < % In other words, infjy<1,2 [(F@)(y)| = ¢; > 0 for some positive
constant ¢;. The definition of F ¢, shows that (F¢,)(y) = 0 for |y| > 2"~! and
hence that [(Fg,)(y)| < cl_1|(.7-"<p)(y)| there. Meanwhile for |y| < 2"~!, we
have (F@)(y) = (Fe,)(y)(F¢e)(27"y) and hence also

Fe)y) 1
F on == < F .
[(F @) (¥ Fo)2y) =c [(Foynl

Thus
(Fod) D < e [(Fe)(y)|  forall y.

Consequently |[(F¢,)(y) — (F@)(y)|* is dominated for all y by the multiple
(cl_l + 1)? of |(F¢)(y)|?, which in turn has been shown to be integrable. By
dominated convergence we therefore have

lim [ [(Fe) () = (Fo)WI*dy = [ lim [(Fe) () — (Fe)(»I*dy = 0.

Thus F ¢, converges to F¢ in L>(R), as asserted.

Let us recapitulate. We formed /(y) as an infinite product of dilates of the
trigonometric polynomial m(y), exhibited it as a limit of functions F ¢, uni-
formly on compact sets, and deduced from Fatou’s Lemma that / is in L?(R). We
defined ¢ = F~'h asamember of L?(R), and we saw that ¢ isin C, i.e., its integer
translates form an orthonormal set. The definitions made i (y) = mo(y/2)h(y/2),
ie.,

(Fo)(y) = mo(y/2D)(Fe)(y/2),
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and thus ¢ satisfies a scaling equation. We now define @, () = 212¢2Ix — k)
and let V; be the closure of the linear span of {¢;};2_... The sequence {V;}
is increasing, since ¢ satisfies a scaling equation. The claim is that {V;} and ¢
together form a multiresolution analysis in the sense of Section 3. Condition
(iv) in the definition is satisfied, and condition (iii) is built into the definition.
Proposition 10.15 shows that condition (ii) is automatic, and Proposition 10.17
says that condition (i) holds if F ¢ is a bounded function that is continuous and
nonzero at y = 0. But F ¢ is just i, and we saw that 4 is the restriction to R of
an entire function with £(0) = 1. Thus indeed (i) holds. Consequently {V;} and
¢ together form a multiresolution analysis.

Next we are to show that ¢ has compact support. We saw that the L? function
extends to an entire function of exponential type. By the classical Paley—Wiener
Theorem,?® the L? function ¢ = F~'h has compact support.

Finally we are to show that if m((y) has real coefficients, then ¢ is real-valued.
Since mq(y) has real coefficients, mg satisfies mo(y) = mo(—y). Referring to
the formulas, we then see that 2(y) = h(—y) and ¢(x) = ¢(x). O

Now we are in a position to collect all our results and produce the wavelets of
compact support.

Theorem 10.39. Fix an integer N > 1, and define

NV /N —1+k
PN(u)):Z( k+ )wk.

k=0

Let £(y) be any of the trigonometric polynomials produced by Proposition 10.36
such that |£(y)|? = Py (sin® 7y), and define

1 4720

) Lo,

mo(y) = (

Let 4 (y) be the L? function N
h(y) = [T mo277y),

j=l1

and define ¢ = F~'h. Then ¢ has compact support and is the scaling function of
a multiresolution analysis whose wavelet can be taken to have Fourier transform
given by

FY)») = e ™mo(hy + Dh(y/2).

Z3The classical Paley—Wiener Theorem says that a function 4 in L2(R) is of the form h = F ¢
for a function ¢ in L2(R) of compact support if and only if / (after adjustment on a set of measure 0)
can be extended to all of C as an entire function of exponential type. This theorem is not included in
Chapter VIII of Basic, but instead the sufficiency appears as Theorem 10.41 at the end of the present
section. The necessity is much easier but is not needed.
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REMARKS.

(1) Proposition 10.36 produces a number of trigonometric polynomials £(y)
with [£L(y)|> = Py (sin® 7 ¥), corresponding to the subsets of roots «; of a certain
polynomial inside the unit disk. The Daubechies wavelet of order N arises by
choosing the subset to consist of all the roots within the unit disk. All other
choices of subsets of roots, however, lead to wavelets. The subsets that are closed
under complex conjugation lead to ¢ and v real-valued.

(2) Theorem 10.39 contains no assertion of smoothness or even continuity for
the Daubechies wavelets. This issue is postponed until the next section, in which
we shall see that the Daubechies wavelets of order > 2 are continuous and that they
become progressively more differentiable as N increases. However, they are never
infinitely differentiable. Graphs of the scaling functions and wavelets appear
in Figures 10.17a and 10.17b, except that the wavelets have been translated by
integers to make them better centered.?® The cases of small N look as if they were
drawn with a shaky hand, and this fact reflects the low order of differentiability
in these cases.

(3) The Daubechies wavelet of order 1 is just the Haar wavelet. In fact,
we have Pj(w) = 1. The polynomial £(y) is to have |£(y)|> = 1 and thus
can be taken to be 1. Then mgy(y) = %(1 + e727) in agreement with the

o0 .
formula in the example in Section 3. To compute ~(y) = [ mo(27/y), we write
j=1

mo(y) = e~ cosy. The product of the exponentials e=™2'Y comes out to

be e=™, and thus A(y) = e ™ [] cos(27/my). By making repeated use of
Jj=1

J .
the identity sin20 = 2sin6 cos 6, we obtain 2/ sin(2~/7y) [] cos(2/my) =
j=1

J-1 .
=2/"1sin@/*!wy) [Jcos(2™/my) = --- = sinwy. Therefore

j=1

lil 2iny) sinmy
cosRVny) = — 5.
B Y= 2T sin@ T wy)
& .

Using glirr(l) 6~ 'sin@® = 1 and passing to the limit, we obtain [] cos(2™/ny) =

(sin ﬂy)/(ny). Hence
sinmy
Ty
The right side is the Fourier transform of the indicator function /jg 1}, and thus
¢ = I0,17, as asserted.

h(y) = e

26 A5 the proof notes, the definition of F involves an arbitrary periodic function v of absolute
value 1, and the figures use a power of v(y) = ¢*™¥ to achieve this translation.
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FIGURE 10.17a. Daubechies scaling function (left) and wavelet (right)
of order N for N =1,2,3,4,5.
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FIGURE 10.17b. Daubechies scaling function (left) and wavelet (right)

of order N for N = 6,7, 8,9, 10.
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(4) The Daubechies wavelet of order 2 is sufficiently complicated that no
closed form is known for it. However, it is sufficiently simple that we can
compute mg(y) exactly. For it, we have P(w) = 1 + 2w. Thus P> (sin® Ty) =
1 +2sin’wy = [LO)|% Proposition 10.36 tells us how to find the possibil-
ities for £(y). In the proposition the function ¢ has ¢(y) = 1 + 2sin’ny =
2 —cos2my = —3e 2™ + 2 — 1™V In the notation of the proof of that
proposition, we have M = 1, Q(y) = —% + 2y — %yz, and 220(z"") = 0(2).
The zeros of Q(z) occur at 2 & +/3, and we are to use the one inside the unit
disk, namely 2 — /3, in defining £(y). The proof of the proposition says
to use r(y) = e 2 — (2 — /3) as a first approximation to £(y). Then
r()> = (8 —4v3) —2(2 —+/3)cos2my = ¢'(2 — cos 2y) = c't(y), where
¢ =4 —2/3. Since (¢)/? = %(1 + /3), the proof of the proposition says
that £(y) = (1 + v/3)r(y) has [L(»)[> = t(y). In other words, L(y) =
(1 +/3)(e 2 — (2 = V/3)). Then my(y) is given by = (1 + e~ 27)2L(y),
ie.,

mo(y) = %(1 + \/3)(672711')’ - ﬁ))%(l + ef2niy)2'

Observe that the expansion of mg(y) in terms of exponentials has exactly four
nonzero coefficients —those for 1, e =271, ¢ =47 and ¢ =671y,

(5) The Daubechies wavelet of order N, when expanded in terms of exponen-
tials, has exactly 2N nonzero coefficients—those for 1, e =27/* .. | ¢~ 27 CN=Dx
Decimal approximations of these coefficients for 2 < N < 10 appear in a table?’
on page 195 of the award-winning book by Daubechies, Ten Lectures on Wavelets.

PROOF OF THEOREM 10.39. Proposition 10.34 shows that when defined as in

the statement of the theorem, no(y) satisfies |mo(y)|* + |mo(y + %)I2 =1, as
well as my(0) = 1. Also

Imo?> = 272N |1 + e 272N Py (sin® y)
N-1
= (cos?Ty)V Y (21\],;1)(sin2 my)*(cos? wy)N =k

> (cos® y)*",

and this is > O for |y| < %. Therefore the hypotheses of Proposition 10.38 are
satisfied, and we can conclude that

h(y) = ﬁmo(z—fy)
L

2TThe coefficients in the table differ from those in the present book by a factor of /2. One can
verify this fact for N = 2 by using the coefficients obtained for N = 2 in the previous remark.
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defines an entire function for y € C with £(0) = 1 whose restriction to R is in
L?*(R). Moreover, the proposition says that ¢ = F~'h is compactly supported
and is the scaling function for a multiresolution analysis. According to Theorem
10.10, the corresponding wavelet is any function of the form

(FHO) = v(yImo(zy + 5)(Fo)(y/2)

with v periodic of period 1 and with |[v(y)| = 1 everywhere. If we take into
account that o = h and if we put v(y) = e~2", then the resulting formula is

(FY)(y) = e mo(3y + 3)h(y/2). O

Before turning to smoothness questions, we insert as Theorem 10.41 the hard
direction of the Paley—Wiener Theorem. This result was used at a critical point
in the proof of Proposition 10.38. In the course of proving Theorem 10.41, we
shall make use of the Phragmén—Lindelof Theorem, which is a variant of the
Three Lines Theorem (Basic, Lemma 9.19B, p. 471).

Lemma 10.40 (Phragmén—Lindelof Theorem). Let f be a function that is
analytic in an open neighborhood of the closure D of an open sector D of C with
angular opening < 7. Suppose that | f(z)] < C on the boundary of D and that
f satisfies a growth estimate | f(z)| < C’e™?l throughout D. Then | f(z)| < C
throughout D.

PROOF. Without loss of generality, we may assume that D is positioned
symmetrically about the positive x axis with vertex at the origin and with angle
¥ on each side of the axis. Since ¢ < % by assumption, we can choose and fix

bs

a > 1 with @y < 7. For each positive number ¢, define g.(z) = f(2)e ",

where z* refers to the principal value. For z = re'? in D with |8 < ¥, we have

lg:(2)] < C/€M|z||e—s(rei9)“| _ C/eMre—sr“ cos(af) < C/eMre—ar"‘ cos(@yr)

Since o > 1, this tends to 0 as r tends to infinity, and we can regard g, as
continuous on the compact subset D U {oo} of the extended plane. Then |g,(z)]
has an absolute maximum at some point z. of D U {oo}. The point z. cannot
be oo, and the maximum principle for analytic functions then forces z, to be
on the boundary of D. Hence |g.(z,)| < C. Consequently |g,(z)] < C and
| f(2)] < Cle™%"| everywhere on D. Passing to the limit as & decreases to 0, we
see that | f (z)| < C everywhere on D. O
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Theorem 10.41 (Paley—Wiener Theorem). If 4 is an L? function on R that
extends to an entire function on C of exponential type, then the Fourier transform
of h has compact support.

REMARK. In our application within the proof of Proposition 10.38, we needed
@ = F'h to be of compact support, and the assertion here is about Fh. However,
the question of compact support comes to the same thing for Fh and F~'h, since

(F'm)(©E) = (FR)(=§).

PROOF. We regard & as an entire function on C with |h(z)| < Ae*MF! for
all z. Allusions to the Fourier transform are to the restriction of 4 to R. For
most of the proof, we shall assume that / is bounded on R, say with |h(x)| < B.
Toward the end of the proof, we shall show how to drop this assumption.

We shall prove that (Fh)(§) = 0 a.e. for |§] > M. We handle £ > M and
& < —M separately. First suppose that £ > M. For ¢ > 0, we introduce
he(z) = h(z)/(1 + iez)*. This is analytic in a neighborhood of the lower half
plane Imz < 0, and its restriction to R is in L'(R), being the B{Oduct of two
functions in L?(R). We shall show that its Fourier transform /4, (&) vanishes
for § > M. We are going to move the contour of integration in the integral
he(€) = [To he(x)e 5 dx.

Let b > 0 be arbitrary. Form the rectangle in C whose top side extends
from —R to R on the real axis and whose bottom side extends from —R — ib to
—R 4+ ib. Orient the rectangle clockwise. The total integral over the rectangle
of he(z)e~ ™57 is 0 by the Cauchy Integral Theorem, and we are going to show
that in the limit R — oo and then b — 00, the other three sides each contribute
0. T[l\en the conclusion will be that the contribution from the top side is 0, i.e.,
that h.(§) = 0.

To estimate the contributions from the vertical sides and bottom of the rec-
tangle, we shall apply Lemma 10.40 (the Phragmén—Lindel6f Theorem) twice to
the analytic function /(z)e~2"*M in the lower half plane. Consider the quadrant
with Re z > 0 and Im z < 0. On the positive real axis we have

|h(x)e™ M| = |h(x)| < B,
while on the negative imaginary axis {—iy with y > 0} we have
Ih(_iy)e—zﬂiM(—i)7)| S A62ﬂM|—iy|e—2ﬂMy — A
On the whole quadrant where Re z > 0 and Imz < 0, we have
|h(z)||e—2m’Mz| — |h(z)|e2ﬂM|Imz| < AeZﬂMlzleZJ'rMHmz\ < Ae4nM\z\_
Thus the lemma applies with C = max{A, B} and gives the bound

lh(z)e "M < C (*)
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everywhere on the quadrant. We can argue similarly with the quadrant for which
Rez < 0andImz < 0. The estimates are the same, and Lemma 10.40 yields the
bound () whenever Re z < 0 and Im z < 0. Consequently

|h(x +iy)| < Cle?™MEF| = Ce M ()

whenever y < 0.
To estimate the contributions from the vertical sides, where |x| = R, we apply
(xx) and make use of the bound

he(2)] < [h)I( + 2z~ < CX™MI(1 4 2RY) ™ < Co2R2e2™MP,
The integral over the right vertical side is
= fo_h |he(R + it)||e 27 i8R+iD| gt < Ce=2 R=2e27Mb fo_b 27 gy

Since we are holding b fixed as we let R tend to infinity, this term tends to O.
Similarly the integral over the left vertical side tends to 0.

After the passage to the limit in R and the application of the Cauchy Integral
Theorem, we see that h.(&) equals the integral over the bottom side of the
rectangle, i.e., that

(€)= [ he(x — ib)e 2mi6C=ib) gy
On the right side we use the bound () and the estimate
he(@)] = [h@I(1 + €[z < A1+ 22!
to see that
e (E)] <[22 (1 + 62x2)1Ce>TMbe=27Eb iy = co2TbE=M),

As b tends to infinity, the right side tends to 0 because & > M. Thus }’1\8(5 )=0.
Still with & > M, we shall let ¢ tend to 0. Let g be any function in CZ (R)
with support in the interval (M, +00). Then the multiplication formula gives

0= [ghegdx = [y h.gdx,ie.,

0=/ g
r (1 +iex)?

for every ¢ > 0. Here h and g are in L?>(R) and also |(1 +iex)~2| < 1. Thus we
have dominated convergence as ¢ tends to 0, and we obtain

0= [ph(x)gx)dx = [(Fh)(§)g (&) dE.
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Since g is any smooth function supported in (M, +00), we see that (Fh)(§) =0
ae.foré > M.

In similar fashion we argue for £ < —M by using approximating functions
he(z) = h(z)/(1 — iez)? and working in the upper half plane. Lemma 10.40 is
to be applied to the function A (z)e*" M7 in the two quadrants of the upper half
plane. The new version of estimate () is that | (x +iy)| < Ce*™MI| whenever
y > 0. The result is that (Fh)(§) =0 a.e. for§ < —M.

This completes the proof under the assumption that % is bounded. To see that
we can drop this assumption, let # > 0 be in C¢on (R), and form the convolution
h,(z) = fR h(z — t)u(t) dt. The function A, is entire, and it has

()] = | [gh(z = Du(@) dt| < [, |h(z = D)|u(r) dt

< AfR eanlZ*llu(l‘) dt < Ae2nM|z| fR eZ"M‘llu(t) dt = A/ean‘Z‘,

The argument in the special case applies to /s, and shows that Fh, vanishes a.e.
for |£| > M. If we replace u(x) by u,(x) = e 'u(e~'x) and let & decrease to 0,
thenlimh,, = hin L?*(R), and so lim Fhy, = Fhin L?*(R). Since Fhy,, vanishes
a.e. for || > M, so does Fh. ([

10. Smoothness Questions

The Daubechies wavelet of order N that was constructed in Theorem 10.39 has
compact support, but we have not yet proved that it and its scaling function are
continuous if N > 2. (For N = 1, the resulting wavelet is the Haar wavelet,
which is certainly not continuous.)

We shall get at this continuity in this section. As a general principle, the more
rapidly the Fourier transform of a function f decays at infinity, the smoother that
f is. An explanation in simple terms is that under certain technical assumptions
given in Proposition 8.1 of Basic, the Fourier transform of % fx)is 2miyf(y).
Thus the starting point for our study is an investigation of the rapidity of decay at
infinity of F ¢, ¢ being the scaling function of the Daubechies wavelet of order N.

n

for all

2 2
Lemma 10.42. The binomial coefficient ( n) satisfies ( n) <
n n

n>1.

mn

REMARK. In fact, the ratio of the two sides of the inequality tends to 1, as is
easily seen by examining the proof of the lemma closely.
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PROOF. Because of the orthogonality of the exponentials on [—7, 7], the O
Fourier coefficient of cos?” x is

b4 —2n T )
— cos? x dx = (€™ 4+ e ) dx
27 J_, 2 J_,
- 2
_2 > /” i<2n>eikxei(2nk)x dx — 2~ (2”)
2 J o2\ k n
Since cos x is even,
2 4" /2
< n) = —/ cos? x dx. (%)
n L
Consider the function f(x) = logcosx + %xz on [—m/2,/2]. Ithas f(0) =
£/(0) =0and f”(x) = —sec? x + 1. Therefore it has an absolute maximum at

x = 0, and we obtain the inequality

1.2 big
logcosx < —3x for — % <x <

SIE

Exponentiating and raising both sides to the (2n)™ power gives

2
cos”'x < e ™ for —7 <x <

(STIE

Thus () is

n /2 n o] n o] n
< il e dx < 4—/ e dx = al ,Z/ e dy = A . O
T J-n)2 T J-x TyVn /) ~ N TTn

Proposition 10.43. For every N > 1 and every integer j > 1, the scaling
function ¢ of the Daubechies wavelet of order N satisfies an estimate

2N7] ) ) )
o 2 < 47 N )~/ for 2771 < |y| < 2/.
(FOOI = (S ) W/arN) SN
Consequently
N=1 1,2 ,
F dy < TN /474,
Aw@me”_Qﬁ)(/)

PROOF. For the moment we allow y to be an arbitrary real number. Theorem
10.39 says that

J

F)y) = [ mo@y),
=1
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where mo(y) = e "N (cosmy)NL(y) and |[L()|> = Py (sin® my). Moreover,
Lemma 10.35¢ gives 0 < Py (sin® 7y) < (*;"). Thus

(Fe)I* = [] Imo27*y)?

k=1
Jj+1
< T Imo@7*y)? since |mo(y)| < 1
k=1
j+1
= [ (cos27*my)>N Py(sin®> 2 %7 y)
k=1

j+1
=1l (cos27kmy2 (1)) by Lemma 10.35¢

Jj+l1 NS
(kﬂl cos2” kyry) (2]\5\, 1)]

(]ﬁl cos2~ TL’)’) - (% (2]{/\,))141

Jj+l L oav \JH
(]_[cosz ny) (§m> by Lemma 10.42. (%)

To handle the product of powers of cosine, we use the same trick as in Re-
mark 3 with Theorem 10.39, namely repeated application of the identity sin 26 =
2siné cosH:

2/t sin(2=U+Dyry) ]_[ cos(2 *mry) = 2/sin2 7/ my) ]_[cos(Z ky)

k=1 k=1
=...=sinmy.
Thus
i+l sinmy
cos2 kry = — - s
kl;ll Y sin2=U+Dgy
and () is
sinmwy 2N rpogn T
= (3 sin2‘<j+1)7ry> (B3w) ()

We now bring in the constraint 2/~ < |y| < 2/ in order to give an upper bound
for the first factor. In the numerator we use | sinry| < 1. For the denominator,
the absolute value of the argument of the sine lies between /4 and 7 /2. Thus
|sin2=U+tVry| > sinw/4 = 271/2, and (xx) is

< 4-iNp- <1/2><2N><1jN_)j+_2 N(l 47 )(2J_) 1_<

j”n;]‘v)(z«/ﬁ)*f.
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This proves the upper bound for |(F¢)(y)|>.
An upper bound for the integral is the product of the square root of this bound
by the measure 2/ of the set of integration. The result follows. (]

As soon as Nm > 4, namely as soon as N > 2, the sum over j > 1 of
the integrals in Proposition 10.43 is finite, and it follows that F ¢ is integrable.
Consequently the function ¢ = F~! Fo, after adjustment on a set of measure 0,
is a bounded continuous function vanishing at infinity. We already knew that it
had compact support (and hence vanishes at infinity), and the new fact is that it
is continuous. Since in the case of compact support the wavelet is a finite linear
combination of translates of dilates of the scaling function, the wavelet itself is
continuous. Let us state that result as a corollary.

Corollary 10.44. For every N > 2, the scaling function ¢ of the Daubechies
wavelet of order N is continuous, and so is the wavelet i itself.

The pointwise estimate in Proposition 10.43 gives more, however. One way
of proceeding is to observe as a further corollary of Proposition 10.41 that
[(Fe)(»)|>(1 +|y|?)* is integrable for specific values of s. In the terminology of
Problems 8—12 for Chapter III, f isin certain spaces H*(R) of “Bessel potentials.”
We elaborate on this approach in Problems 18—19 at the end of the present chapter.
But for now we shall proceed somewhat differently, so as to avoid invoking results
from Chapter II1.

If 0 < @ < 1, we say that a continuous function f on R satisfies a Holder
condition with exponent « if there is a constant C such that | f(x +h) — f(x)] <
C|h|* whenever x and & are in R with || < 1.

Proposition 10.45. Fix o > 0. Suppose that

(i) f is a compactly supported member of L?(R),
(i) Ff is integrable and f has been adjusted on a set of measure 0 so as to
be continuous, and
(iii) there is a constant C with

f (Ff)(y)|dy < C27% for every integer j > 0.
271 <ly|=<2

If 0 < @ < 1, then f satisfies a Holder condition with exponent «. If the
inequality n < a < n + 1 holds for some positive integer n, then f is of class
C", and its n'™ derivative £ is in L2(R) and satisfies a Holder condition with
exponent @ — n.

REMARK. In our case we define o so that 27% = (7w N /4)~'/4, and Proposition
10.43 establishes the estimate in the hypothesis of Proposition 10.45. In other
words, « is any number < % log,(w N /4).
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PROOF. First suppose that 0 < « < 1. Under the hypotheses on f, we can
write f pointwise as the inverse Fourier transform of F f, and then

FGth) - fx) = fR T (2T 1) (Ff)(y) dy,

the integrand being integrable. We are to estimate
|fx+h) — f)] < / |27 — 1I(FFH ) dy (*)
R

With |i| < 1, we define the index j = j(h) > 0 so that 2=U+D < |n| < 27/,
and then we break the region of integration in (x) into three sets S;, S,, and S3 as
follows: S; = S;(h) where 0 < |y| < %, S> = S>(h) where % <yl < 2/ and
S3 = S3(h) where 2/™ < |y|.

For the integral over S;, we use the inequality e’ — 1| < |#|, which is valid
for all real 0, to write

2 — 1 [(FHOIdy <2kl | Iy FHDIdy < mlh*IFS];.

Sl Sl

For the integral over S,, we have similarly

|2 — 1| [(Ff)(W)|dy < 27]|h]| /S Iy [(FL D) dy

J(h)

P / Y IEHOdy
Jj(h)

< 27|h| sz/ (FHODIdy
=0 2k=T<|y| <2k

J(h)
<2m|h| Y 2kc2
k=0
Jj(h)
=27 Clh| Y 20"k
k=0

<27 Ch|(2' — 1)~ 120U+,

)

Since 2-UMW*D < |p| < 27/ we have |h| = |h|*|h]'~* < |h|¥2-0-0iM)
and thus

|62ﬂihy _ 1| |(Ff)(y)| dy S 27TC21_0[(21_0[ _ 1)_1|h|‘x_
S
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For the integral over S3, we have

) |2 — 1| [(Ff)(y)] dy 52/5 I(Ff)(»]dy

00

=2 I((FHD)Idy

k=j(h)+1 v/2.k1<|y<2k
00
<2 Y
k=j(h)+1
— 2C(1 _ 2—0!)—12—0[(/'(}!)4-1)

<2C(1 —27""n",
Combining the estimates for Sy, S,, and S3, we obtain
|f(x +h) = f(x)] < C'|h|%,

as required. This completes the proof for0 < o < 1.

Now suppose that « > 1. Proceeding inductively, we shall show that f is
of class C' and that f” satisfies the hypotheses of the proposition for the index
a — 1. Then the result will follow by induction.

First of all, we have

fzjflg\ﬂszj YHFHDIdy < ij*]S\y|§2f 2]|(‘7:f)()’)| dy < c2-@=hj

and it follows that |y| |(Ff)(y)] is integrable.
To prove?® that f is of class C', we make use of the inequality

|h~ (™" — 1)] < 27|y ()

valid for || < 1; this inequality follows from the inequality |’ — 1| < |6 that
was used for estimating S;. We have

fx+h)—fx) driyh _

2miyx[ €
T L

]dy.

The expression in brackets is < 2 |y| in absolute value by (xx), and we have
seen that y(Ff)(y) is integrable. Therefore we have dominated convergence,
and we conclude that

£l = /R (FH0Q@riy)e™™ dy,

28This argument is a version of the proof of Proposition 8.1g of Basic, but it is easier to write
out the details of the argument than to show that the C! property follows from Proposition 8.1g.
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the derivative existing. Except for an extra minus sign in the exponential, this for-
mulaexhibits f’ as the Fourier transform of the integrable function 2 iy (Ff)(y),
and f’ is therefore continuous. Since f has compact support, so does f’. The
Fourier inversion formula is applicable, and we obtain

(FHO) = Qriy)(FfH ().

We conclude that f” satisfies the hypotheses of the proposition for the index « — 1,
and the proof is complete. (|

Corollary 10.46. Let n be a positive integer. If N is large enough so that
% log,(w N /4) > n, then the scaling function of the Daubechies wavelet of order
N is of class C", and the same thing is true of the wavelet itself.

PROOF. This follows immediately by combining Proposition 10.43 and
Proposition 10.45. O

Qualitatively Corollary 10.46 says that if n is given, then the scaling function
is of class C" if N is sufficiently large. The growth of n as a function of N
is logarithmic. For example, the corollary asks that N be at least 21 before it
guarantees that the scaling function is of class C'. Quantitatively this result does
not appear to be very sharp if one takes into account the appearance of the curves
in Figures 10.17a and 10.17b. In fact, Daubechies with much more work shows
in Chapter 7 of her book Ten Lectures on Wavelets that asymptotically for large
N, the scaling function for the Daubechies wavelet of order N is of class C*"

with 0 = 3% — 1~ .1887.

Anyway, Daubechies wavelets can have as many derivatives as we like. But
it turns out that no such wavelet can have infinitely many. This fact will be a
corollary of the following proposition.

Proposition 10.47. Suppose that ¢ is a compactly supported continuous
function on R such that the set of functions {2//2v (2/x —k)} j.kez 18 an orthogonal
set. If v is of class C™, then foll//(x) dx =0for0 <! <m.

PROOF. We write @ = v, (D, ... ™ for the successive derivatives, and
we introduce successive integrals inductively by the formula

YD) = [y @ydr for 1<l <m.

We prove by induction on [ for 0 </ < m that fR xlw(x) dx =0.

The case [ = 0 makes use of the assumed orthogonality. Let a = k/2/ be an
arbitrary diadic rational number. We do not necessarily assume that k is an odd
integer. Then

0= [rYMYQix —kdx = [ ¥ (Y2 (x —a)dx,
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and the change of variables x = a 4 x'27/ yields

0= fp¥(a+x27)y)dx (%)

In this expression we can let j tend to +o00, since we have not assumed that k
is odd. Then dominated convergence yields the equality 0 = ¥ (a) [ ¥ (x") dx’.
Either [, ¥ (x)dx = 0 or ¥(a) = 0 for all a, in which case [ ¥ (x)dx =0
by the assumed continuity of yr. This completes the argument for / = 0. It also
shows that 1~ (x) has compact support.

Assume inductively that 0 < [ < m and that fR x'Y(x)dx = 0 and that
Y@ . =D have compact support. Integrating () by parts [ times is
allowable since with each integration, both functions in the integrand have com-
pact support, and we obtain

0= [ vV (a+x27)y =D (x) dx.

Letting j tend to +00 as above, we obtain ¢ ‘D (a) [ ¥ ~/=D(x) dx = 0 forall
a. We cannot have ¥ ‘T (a) = 0 for all a, since the continuity of ¥+ would
force ¥ to be a polynomial and that is not the case. Thus we obtain

Je v V() dx =0. (k%)

This shows that (/=2 has compact support and completes one part of the
inductive step.

We now integrate (xx) by parts, differentiating the integrated v factor and
integrating a complementary power of x. After one such integration we obtain
Jex¥ P (x)dx = 0. After a total of [ such integrations by parts, we have
fR x'y=D(x)dx = 0. Finally we integrate by parts once more, obtaining
Jg x" 14 (x) dx = 0. This completes the induction and the proof. O

Corollary 10.48. If ¢ is a compactly supported continuous function on R
such that the set of functions {2//2¢ (2/x — k)} J.kez 18 an orthogonal set, then
cannot be of class C unless ¥ = 0.

PROOF. If ¢ is a compactly supported C*° function on R such that the set of
functions {2//24(2/x — k)}; xez is an orthogonal set, then [ x™ ¥ (x) dx = 0 for
all m > 0, according to Proposition 10.47, and therefore fR pX))Y(x)dx =0
for every polynomial p. By the Weierstrass Approximation Theorem (Theorem
1.52 of Basic), choose a sequence {p,} of polynomials converging uniformly to
4 on the support of 1. Then {p, ¥} tends uniformly to |1/|? on the support of r,
and it follows that fR | (x)|> dx = 0. Therefore ¢ = 0. ]
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It is time to take stock of where we are. We have constructed a number of
families of wavelets, often by applying some general theory, and we have seen that
each of these families has certain properties, some desirable and some undesirable.
We summarize this information in the table in Figure 10.18. In the table, i has
the same decay and smoothness qualitatively as ¢ does. The expression “jump”
points to the presence of a jump discontinuity, while “compact supp.” means
that the indicated function has compact support and “Schwartz” means that the
function is in the Schwartz class S. A function on R is real analytic if it is the
restriction to R of an analytic function on an open subset of C that contains R.

Family ¢ decay F ¢ decay @ smoothness | F ¢ smoothness
Haar compact supp. <c/lyl jump real analytic
Shannon < C/|x| compact supp. | real analytic jump
Meyer, index m < Clx|™*? | compact supp. | real analytic cm
Meyer, index co Schwartz compact supp. | real analytic c™®
Battle-LeMarié, deg. 1 exponential <c/lyP? c? real analytic
Battle-LeMarié, deg. m exponential < cly/™+! cml real analytic
Daubechies, order 1 compact supp. <c/lyl jump real analytic
Daubechies, order N compact supp. | < ¢/|y["™ cr'm real analytic

FIGURE 10.18. Summary of properties of constructed wavelets.

11. A Quick Introduction to Applications

If it were not for the usefulness of wavelets in applications, the subject of
wavelets might have remained something known only to experts in one corner
of mathematics. But there are by now applications in many areas of science and
engineering, even in areas of social science, and the subject cannot be ignored
by a well educated mathematician. Not only are there applications, but also the
applications have in many cases driven the theory. In this section we shall list
some areas where wavelets have been useful, and we shall give a few details for
some of them.

As we often saw throughout the theoretical development, the hypotheses on
wavelets that we were accustomed to were not exactly the hypotheses that were
needed for new steps. This phenomenon persists with applications, as we shall
see. Let us distinguish two situations, corresponding to one and two dimensions.

In one dimension the objective is to analyze some function f in L*(R). It will
be convenient to think of the domain variable as representing time and f as being
some kind of signal. The orthogonal wavelets that we have studied are in many
practical cases a suitable tool for the analysis of f. We fix a wavelet i that comes
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from a scaling function ¢, and just as we did with the Haar wavelet, we introduce
the corresponding discrete wavelet transform, which carries f to the system
{(f,¢¥ i )}j.kez of inner products of f with the members of the orthonormal basis

{1//j7 «}- We can think of these inner products as the wavelet coefficients. As with
the Haar wavelet, we are really interested in a one-sided wavelet expansion of
the form

R o0 R
fx) = Z (f]R f(Y)(Po,k(y) dy)ﬁoo’k(x) + Z Z (f]R f(y)wj,k(y) dY)Wj,k(x)-
keZ j=0 keZ

In effect this expansion groups all the contributions from the ¥; , with j < 0 into
the first term. This expansion represents a process of looking at f with an infinite
system of finer and finer resolutions. The first term gives the result of using an
initial resolution corresponding to j = 0. New terms in the approximating expan-
sion represent taking into account higher and higher resolutions, thus providing
better and better knowledge of what is happening in the time domain. In short,
the new terms represent the detail in the signal. Changing k represents changing
the center of the interval of time on which we are concentrating; increasing
j represents increasing the resolution. Experts in signal processing think of
the process as one of passing the signal through a sequence of filters. Barbara
Hubbard explains matters in the following way in her book:?’

Mathematicians classify functions in all kinds of ways. The view-
point of signal processors is simpler: to them, a function is either a
signal to be analyzed or a filter with which to analyze a function. A
classical filter is an electric circuit with one wire that carries a signal
in and another wire that carries a signal out. But a filter can also be
a function (or, if it is digital, a sequence of numbers). The effect of a
filter, whether physical or abstract, is easier to understand in Fourier
space: the Fourier transform of the signal is multiplied by the Fourier
transform of the filter, letting certain frequencies pass through while
blocking others.

If, for example, the Fourier transform of the filter is almost 1 near
zero, and almost 0 everywhere else . . . , the signal’s low frequencies
will survive this multiplication by 1, but the high frequencies will
be essentially eliminated. This is a low-pass filter. The result in
“physical” space is to smooth the signal: the small variations given
by the high frequencies disappear, leaving the general tendency. . ..

Mallat [the person who formally introduced multiresolution anal-
yses] realized that one can incorporate wavelets into a system that
uses a cascade of filters to decompose a signal. Each resolution has
its own pair of filters: a low-pass filter associated with the scaling

O The World According to Wavelets, second edition, pp. 166-167.



530 X. Introduction to Wavelets

function, giving an overall picture of the signal, and a high-pass filter
associated with the wavelet, letting through only the high frequencies
associated with the details. The two filters complement each other;
that which one blocks, the other lets through. (Of course “high”
or “low” frequencies are relative. The low frequencies encoded by
the low-pass filter at a fine resolution may be higher than the high
frequencies encoded by the high-pass filter at a coarse resolution.)

In quantitative terms the process described by Hubbard is as follows: For
each index j, let P; be the orthogonal projection of L*(R) on V;,and let Q; be
the orthogonal projection on W;. Then we have P;f = P;_1f 4+ Qi f and
P;_1f = Pj_of+ Qy_»f and so on, with the result that

Pif=Pf+Qs1f+Qsaf+--+01f+Qof

We shall come back to this decomposition shortly when we discuss the discrete
wavelet transform in more detail.

For many purposes one wants to chop off the expansion at some point by
dropping small terms. This is already what we did above in passing from f to
P; f. The same kind of chopping would be the simplest thing to do if one were
trying to compress the signal or counteract the effect of noise. Meyer says the
following about this process:

The most astonishing result we obtain will be the remarkable fact
that “full” wavelet series (those having plenty of non-zero coefficients)
represent really pathological functions, whereas “normal” functions
have “sparse” or “lacunary” wavelet series. On the other hand, Fourier
series of the usual functions are “full,” whereas lacunary Fourier series
represent pathological functions.

This phenomenon has a simple explanation. Analysis by wavelets
is a local Fourier analysis which takes place at every scale. It has
the advantage of being concentrated near the singular support of the
function analyzed. In other words, away from the singular support,
the function analyzed is infinitely differentiable and the corresponding
wavelet coefficients are negligible.

The book by Burris, Gopinath, and Guo®! has some interesting graphs giving
an example of how this works in practice. The authors have created a one-
dimensional signal out of the Houston skyline, and they show how the signal is

OWavelets and Operators, p. 113. Meyer makes this statement in a specific context, which is a
little different from ours, but that distinction will not deter us.
31See the Selected References.
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decomposed when the discrete wavelet transform is applied using the Daubechies

wavele

of order 4.

Other applications use this and other wavelets. As a rule, authors tend not
to explain how they came to use one particular wavelet rather than another. The
wavelets in use tend to be the Meyer wavelets with index < 3, the Battle-Lamarié
wavelets of degree < 3, and the Daubechies wavelets of order < 6. Occasionally
an author will use some other kind of wavelet for some particular purpose. Some
of the applications that have been discussed in print are the following:

(a)

(b)

(c)

(d)
(e)

®

Automatic analysis of an electrocardiogram. This is discussed in the book
by Louis, Maass, and Rieder, pp. 232ff. The objective is to automate the
obvious diagnoses of irregular heartbeats, leaving a more careful analysis
to a human being. The questions are whether the rhythm of the cardiac
valve is in synchronization with that of the heart muscle and whether the
heart muscle relaxes between beats. The Daubechies wavelet of order 2
is used for this purpose.

Speech storage. Speech takes a great deal of computer memory to store.
Imagine that one wanted to store the content of all telephone calls world-
wide that might be of national security interest. One wants a way of
compressing the speech without making it unintelligible.

Music storage. Music takes a great deal of space to store but for different
reasons from speech. One has to handle a greater range of frequencies
without losing subtle techniques of the performers.

Speech recognition. The idea is to use wavelet analysis to identify
phonemes from a signal representing speech.

Hearing aids for understanding speech. Modern hearing aids are capa-
ble of doing a complicated nonlinear analysis and synthesis of speech,
amplifying part of a signal and suppressing another part, in order to
make speech more recognizable to a patient using a hearing aid. Simple
amplification is not enough. The usual difficulty that a patient has in
hearing is an inability to distinguish among certain consonants, and the
processing of the signal is supposed to emphasize those features that
the patient needs in order to recognize what is being said, all the while
eliminating background noise. Smoothing of the signal is definitely not
what is called for; smoothed speech sounds largely like vowels, and the
difficulty in recognizing consonants is aggravated if speech is smoothed. >
Applications in economics. Wavelet analysis can reveal relationships
between economic variables and indicate how those relationships evolve
with time.

32This is in Section 2.7 of the book. There are two standard ways of naming the Daubechies
wavelets—by the order N and by the number of nonzero coefficients 2N in the scaling equation.

BThere is a problem with being too specific about how particular hearing aids work in that a
certain amount of the information is proprietary and therefore unpublished and unavailable.
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(g) Applications in finance. Economic variables affect markets according to
various time scales, short term and medium term, for example. Some are
leading indicators, and some are lag indicators. In principle wavelets de-
compose time series data into different scales and can reveal relationships
that are not obvious in the aggregate data.

Let us come back to the discrete wavelet transform. Calculating a one-sided
wavelet expansion as at the beginning of this section looks as if it involves a
great many integrals. However, these integrals are related to one another by the
scaling equation and the wavelet equation, and matters are not so complicated.
As indicated with the Hubbard quotation, we are to think of the goal as forming
Py f with J chosen large enough so that || f — Py f |, is small.>* Write goj’k(x) =
2/12¢(27x — k) for each integer j and k. For fixed j, these functions form an
orthonormal basis of V;, and we write ¢; , for the coefficient in the expansion of
f in this basis:

ci=(fro) = Jo f@ikdx.

We write ¢; for the square-summable sequence {cj) cJkez-

To be systematic, we shall introduce an algorithm of “decomposition” of ¢;
and an algorithm of “reconstruction” of ¢;. Each of these makes use of the two
functions mg(y) and m(y) that we have carried along ever since Theorem 10.10.
The function mq(y) was introduced just before the statement of that theorem in
terms of the scaling equation

px)= Y a2 9(2x —k), where a; = (g, @115
k=—00

the definition being
7 il
"10(}7) \lfz E : ak€72mk}, )

k=—00

The function m;(y) = > v(y)mo(y + %) was introduced just after the state-
ment of the theorem and involved the wavelet equation

o0
Y(x)= Y biv2¢9@2x —k), where by = (¥, ¢, ).
k=—00
Its formula was -
my) =15 3 e,
V2 k=—o00
In this formula the coefficients by are related to the coefficients a;. The exact

relationship depends on the choice of the function v(y), but we saw, for example,
that if v(y) = 1, then by = (— 1) a7,

34From a theoretical standpoint this norm can be estimated with the aid of Lemma 10.16.
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The above formulas relate matters in V; to those in Vj. Let us see the relation-
ship between V; and V;_;. We have

;1 (0) = 207220y — k) = 20721 (27x — 2k))

o0
=20=-D2 S /290027 x =2k —1)

[=—00

o0
= Y a2/?p2/x —2k —1)
[=—00

&)

= 2. 494X
[=—00
Similarly
o0
ijl,k(x) = l Z b[(pj,2k+l(x)‘

For the decomposition algorithm, we substitute the relationship between
@1k and the ¢ i 2kt into the definition of the coefficient Ciot ke Then we obtain

o0 o0 o0
Ciox =i = (f’ > az¢j,2k+l) = 2 )€ opy = > a6
[=—00 [=—00 l=—00

If we define coefficients djy « by dj, = (f ‘Pj, «)> then we similarly have

&)

00 X __
dj—l,k =(/, Wj—l,k) = (fa > b1¢j,2k+l) =2 blcj,2k+l = X bz-zkcj,l'
[=—00 [=—00 [=—00

Then one step of the decomposition algorithm is the passage from the system
of coefficients {Cj,k}kez to the systems {Cj—l,k}kez and {dj—l,k}kEZ by the same
operation. To make this step more transparent, let us extend our definition of ¢;
above by giving names to all of our various square-summable sequences:

a={qliez and b = {b}ez,

a'" = {a_j}iez and b = {b_1}iez,

and with j fixed,
¢ = {¢;ihez and d; ={d; i }rez-

Then ¢;_; is obtained from ¢; by convolving with the sequence a" and retaining
only the even-numbered entries. Similarly d;_; is obtained from ¢; by convolving
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with the sequence b and retaining only the even-numbered entries. Iterating this
step, starting at ¢y, allows us to pass from the sequence ¢; to the system of
sequencesdy_i,d;_3, ..., do, co.

The reconstruction algorithm will pass from the system of sequences d;_;,
d;j_o, ..., do, cotothe sequence c¢;. To understand matters, it is enough to carry
out one step of the algorithm, namely to pass from ¢;_; and d;_; to ¢;. The
relevant formula in terms of projections is

Pif=Pi_1f+Qj-1f.
which we write out as
> (fs (Pj,k)ﬁoj,k = (fs <Pj,],k)<ﬂj71,k + 2 (f, wj—l,k)wj—l,k’
keZ keZ keZ
hence as
D CiPik =2 Gt 2 i Vi k
keZ keZ keZ
= Cj—l,k( > al(pj,2k+l) +2 dj—l,k( > bl(pj,2k+l)
keZ leZ keZ leZ
=2 > (i o tdi_y 1 b2 )

leZ kel

Since the functions ¢ ;, are an orthonormal basis of V;, we obtain
Ci1 = kZZ(Cj—l,kalf% +d;_y 1 b)),
€

which is a formula for recovering ¢; from ¢;_; and d;_;.

Both sums in the expression for ¢; , can be viewed as convolutions, but they
are more subtle than the ones in the decomposition algorithm. To see them as
convolutions, define

2 _ Citnp if n is even
=t o if n is odd,
andlet¢;_; = {Ej_l,n}nez. Define é;j—l,n and &j_l similarly. Then ¢; is the sum

of two terms; the first is the convolution of ¢;_; and a, and the second is the
convolution of d;_; and b.
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We conclude this discussion of the one-dimensional case with some general
remarks.

In the language of signal processing, the decomposition algorithm and the
reconstruction algorithm are the analysis and synthesis steps of a scheme of “sub-
band filtering with exact reconstruction.” The point is to do some compression
or other processing between the decomposition and reconstruction steps. The
decomposition step draws attention to terms that are candidates for dropping
without the loss of too much information, and then one drops those terms. The
reconstruction step is applied to the terms that remain. Here the theory has
built this idea from signal processing into a mathematical transform that isolates
features of a signal that are important.

In practice a given signal will often be given by discrete pulses obtained by
sampling. To make the discrete pulses into a function on R, one defines the signal
to be constant or perhaps linear over each interval between sampling points. In
this situation the Shannon Sampling Theorem (Proposition 10.3) indicates that
there is an upper limit to how much resolution will contain useful information.
We omit the details.

Let us turn our attention to two dimensions. In two dimensions the objective
is to analyze some square integrable function f on R?. Let us think of this
function as representing a visual image. If the image is in black-and-white, then
the function is scalar valued. If it is in color, then it is vector-valued. The usual
thing is to make the vectors be three-dimensional. Initially the three dimensions
for color can be regarded as representing the intensity of three colors; red, green,
and blue are one choice. We return to this matter in a moment.

We shall concentrate on two situations:

(i) compression and storage of fingerprints, and
(ii) traditional JPEG compression of images from digital cameras and the
wavelet version, JPEG 2000.

In terms of multiresolution analysis, proceeding in the setting of R? is not
fundamentally more complicated than proceeding in the setting of R'. The idea
is that one can use a kind of completed tensor product to convert one-variable data
into two-variable data. Thus for example, if ¢ and {V;} define a multiresolution
analysis is one dimension, then the set of functions {x — @(x — k)},_, is an
orthonormal basis of V. For the two-dimensional setting the corresponding
orthonormal basis is {(x, ¥) — ¢(x — k)e(y — D}y 1z and one calls the space
Vo®Vp. The spaces Vj@Vj are obtained as usual by dilation. The details will not
be of concern to us.

What is of more significance is that for some reason, the human brain seems
especially sensitive to visual asymmetries. When one goes through the process
of decomposition, compression, and reconstruction for a visual image by the
process that was just described, the use of a real-valued wavelet ¥ that lacks
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symmetry about an axis turns out to be noticeable. As it happens, all Daubechies
wavelets other than the Haar wavelet fail to be symmetric or antisymmetric about
any vertical axis, and in fact the same thing is true in all real-valued compactly
supported cases except in the Haar case.®> The effect is that one has to enlarge
the theory that we have presented to allow wavelets that are not orthogonal. It is
enough to use “biorthogonal wavelets,” which use two scaling functions that are
related in a certain way. This expansion of the theory will take us too far afield,
and thus we omit it.

However, we can mention the name of the best known family of biorthogonal
wavelets, namely the Cohen—Daubechies—Feauveau family. The two members of
the family that are most used have indices 5/3 and 9/7, and for current purposes
we need not know what these indices refer to; the one with indices 5/3 is for
compression with no loss of information, and the one with indices 9/7 is for
compression that allows loss of information.

Now let us come to the two situations mentioned above. First let us consider
fingerprints.’® As of 1995 the database of fingerprints maintained by the Federal
Bureau of Investigation contained more than 200 million records, and there was
a need for computerizing these records, which were all in the form of inked
impressions on cards, one card per person. Taking a full uncompressed 8-bit
gray-scale digital image at a resolution of 500 dots per inch would have required
too much computer storage, and a system for compressing digital images was
sought that would be accurate enough to make the distinctions that one could
traditionally make by hand if given enough time. A group set up to investigate
the situation found that the JPEG method used in digital cameras unavoidably adds
faint horizontal and vertical lines to the images in certain places if the compression
ratio is at least 10 to 1, and that feature was unacceptable. After trying a number
of other possibilities, the group settled on some guidelines in 1997. In principle
these guidelines could be met by a number of wavelets, and initially the one put
in use was the Cohen—Daubechies—Feauveau 9/7 wavelet. That choice seemed to
produce reliable images even after a process that involved 15 to 1 compression.

Finally we consider JPEG and JPEG 2000 for the compression and storage of
photographic and other images.?” For each we treat black-and-white images first
and then color images.

Of the two systems, JPEG is the conceptually simpler one. It uses classical
Fourier analysis rather than wavelets, but it still has steps of decomposition,
compression, and reconstruction. It works independently on 8-by-8 blocks of
pixels, doing an analysis on each one. The transform at the decomposition stage
is a version of Fourier series that avoids complex numbers. Within the classical
treatment of Fourier series, a Fourier cosine expansion is obtained for functions on

35The result in question is Theorem 8.1.4 of the book by Daubechies in the Selected References.

36The article by Brislawn listed in the Selected References is a readable expository account.

37The two items by Austin listed in the Selected References are readable expository accounts.
See the article by Rabbabi and Joshi for more detail about JPEG 2000.
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[0, ] by extending the functions to be even functions on [—7, 77 ] that are periodic
of period 27 ; if the Fourier series is written out with cosines and sines in place of
complex exponentials, the sine terms drop out, and the desired series results. In
our situation our function is defined at 8 points, and we think of extending it to be
defined on 16 points so as to be even. In defining the Fourier cosine expansion,
there is a choice how the 16 points are to be distributed in the given interval,
and the particular choice that is made in the case of JPEG is what is sometimes
called the discrete cosine transform of type II. If the given interval were [0, 7],
doubled to [—7, ], this particular choice of transform would visualize [0, 7] as
divided into 8 equal pieces, and then the midpoint of each piece would be used.
Thus the points for evaluation of a function /2 would be the points = (2x 4+ 1)/16
with 0 < x < 7, and functions on these points would be be expanded as linear
combinations of the functions cos[7(2x + 1)u/16] with 0 < u < 7. For our
application we abbreviate the cumbersome 4(r(2x + 1)/16) as f(x), and we
expand f(x) in terms of the functions cos[w (2x 4+ 1)u/16] with0 < u < 7.

Using the formula cos Acos B = %(COS(A + B) + cos(A — B)), we readily
check that the eight functions of x given by cos[w (2x + 1)u/16] with0 < u <7
are orthogonal in the sense that

7
> cos[(2x + Du/16] cos[7(2x + 1)u’/16] =0 foru # u'.
x=0

Hence they are linearly independent and form a basis of an 8-dimensional vector
7
space. As to their normalization, Y cos?[7 (2x 4 1)u/16] equals 8 if u = 0 and

x=0
equals 4 if 1 <u < 7. Thus the system of functions

{1C @) coslw 2x + Du/161}]
is an orthonormal basis of our space of functions of x if C(u) is defined to be 1
for 1 <u <7 andtobe 1/4/2 for u = 0. The discrete cosine transform is the

passage from f to the system of coefficients F of f is this basis. Specifically in
terms of f we let

7
Fu) = %C(u) > f(x)cos[w(2x + 1)u/16],
x=0

and we recover f from F by the formula

7
f(x) =3 Cu)F(u)cos[w(2x + u/16].
u=0
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For the application to JPEG, the 8-by-8 block of pixels in a photographic
image is a function f (x, y) of two variables x and y, and we do a discrete cosine
transform in each variable. The result is the function F (u, v) given by

7 7
F(u,v) = jTC(u)C(v) >3 fx,y)cos[w(2x + u/16] cos[z (2y + 1)v/16],
x=0y=0

and we recover f(x, y) by the inversion formula
77
flx,y) = 41_1 >3 Cw)C()F(u, v)cos[r(2x + 1)u/16] cos[ (2y + 1)v/16].
u=0v=0

The above formula for F(u, v) takes care of the decomposition algorithm
except for the question of its fast implementation, which will not concern us. The
next step is the compression algorithm. A naive approach would be to chop off
higher frequencies, but there are two problems. One is that there are not many
frequencies in this analysis, and the other is that such a chopping process would
introduce Gibbs phenomenon. Instead, one goes through a process that involves
linear combinations of frequencies.

This consists of a step of “quantization” or rounding off, followed by an
invertible packaging step that will not concern us. Part of the input to the JPEG
process is a quality parameter ¢ with 1 < g < 100. This parameter is converted
to another number « by the formula

561—0 if 1 <g <50,
o =
2—2—0 if 50 < ¢ < 100.

Data on human perception leads to the definition of a matrix Q with rows and
columns numbered from O to 7 and given by>®

16 11 10 16 24 40 51 61
12 12 14 19 26 58 60 55
14 13 16 24 40 57 69 56
114 17 22 29 51 87 80 62
0= 18 22 37 56 68 109 103 77
24 35 55 64 81 104 113 92
49 64 78 87 103 121 120 101
72 92 95 98 112 100 103 99

In the quantizing step, we replace the 64 real numbers F (u, v) by the 64 integers
round(F (u, v)/(xQ(u, v))), where “round” refers to the nearest integer. The

38 The exact matrix appears in the JPEG standard as a matter of information, not as a requirement.
The article by Wallace in the Selected References includes an example of what happens to some
given data when this matrix is used and « equals 1.
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effect of this step is to replace all of the numbers F(u, v) by integers, most of
which are 0. Instead of recording each zero, the algorithm records the number of
zeros. It is here that space is saved. After the invertible packaging step, the data
can be saved.

For the reconstruction algorithm one reverses the steps—unpackaging, un-
quantizing (i.e., multiplication of entries by o Q(u, v)), and inversion of the
discrete cosine transform.

For color images the main difference with the black-and-white case is that
the functions in question have values that are 3-component vectors rather than
real numbers. The three components could correspond to the red, green, and blue
components, but itis customary to use certain linear combinations of these instead.
These are called luminance Y, blue chrominance Cj, and red chrominance C,.
The relationship is given by*’

Y 0.29900  0.58700  0.11400 R
<Ch) = (—0.16874 —0.33126 O.50000> (G) .
C, 0.50000 —0.41869 —0.08131 B

Then one goes through the same steps as above, using suitable matrices Q for
each component. The matrix Q for the luminance is the one given above, but the
matrices Q for the chrominance components are different.

The ingredients for JPEG 2000 are based on those for JPEG but are more
complicated. The distinction between black-and-white as involving scalar-valued
functions and color as involving vector-valued functions persists, and in the
latter case one still uses luminance, blue chrominance, and red chrominance.
The processing involves decomposition, compression, and reconstruction just
as before, but there is also a step of preprocessing. As before, we ignore the
packaging step, which is more complicated than before.

The preprocessing step consists first of a decision about how to partition the
input image into rectangular and nonoverlapping tiles (except possibly for the
tiles at the image borders). These can be as large as the original image itself or
as small as a single pixel. The various tiles are processed independently. There
are other aspects to the preprocessing, but we ignore them.

For the decomposition a discrete wavelet transform is used, the same transform
in each variable. As was mentioned earlier, orthogonal wavelets are not suitable
in the wavelet transform for a visual image. Instead, biorthogonal wavelets are
used. These have different scaling functions and wavelets for the decomposition
and reconstruction stages. Thinking in terms of the wavelet transform as given by
filters, one speaks of using a pair of filter banks (one for decomposition and one
for reconstruction) rather than just one. The two that are mentioned in the article
by Rabbani and Joshi are the Cohen—Daubechies—Feauveau 5/3 biorthogonal

39An adjustment is made to force the chrominance components to be > 0, but we omit this part.



540 X. Introduction to Wavelets

wavelet*’ and the Cohen—-Daubechies—Feauveau 9/7 biorthogonal wavelet. To
describe either of these, one has only to give the coefficients of the two generating
functions. They are integers in the first case and are merely real numbers in the
second case. The coefficients are written down explicitly in the Rabbani—Joshi
article.

For the compression stage the idea is to drop low-pass terms beyond a certain
threshold. This is done with the aid of a “budget” for how many bits are to
be allowed and an algorithm for comparing the distortion that results from the
various choices.

BIBLIOGRAPHICAL REMARKS ABOUT CHAPTER X. In Section 1, Proposition
10.1 is taken from Chapter 3 of Debnath’s Wavelet Transforms, and Proposition
10.3 is taken from from Chapter 2 of Daubechies’s Ten Lectures on Wavelets.
Sections 2 through 10 are adapted from material in the following chapters of
books listed in the Selected References:

Section 2: Pinsky, Chapter 6.

Section 3: Daubechies, Chapter 5.

Section 4: Daubechies, Chapter 5; Hernandez—Weiss, Chapter 2.

Section 5: Daubechies, Chapter 5; Pinsky, Chapter 6.

Section 6: Daubechies, Chapters 4 and 5.

Section 7: Ahlfors, Chapter 5; Chui, Chapters 1 and 4; Daubechies,

Chapter 5; Meyer, Chapter 2.

Section 8: Chui, Chapter 4.

Section 9: Daubechies, Chapter 6; Debnath, Chapter 7; Pinsky, Chapter 6.

Section 10: Daubechies, Chapter 7; Pinsky, Chapter 6.
The proof of Lemma 10.42 in Section 10 is from the note by N. D. Elkies listed in
the Selected References. The proofs of the Paley—Wiener Theorem and its lemma
in Section 10 are based on the Junior Paper of L. B. Pierce. Section 11 draws on
the above books in the Selected References, as well as the expository articles by
Austin and Brislawn and the books by Burris et al. and by Louis et al.

12. Problems

1. Find all Schwartz functions f on R for which equality holds in the inequality
of the Uncertainty Principle (Proposition 10.1). Assume that the mean values 7y
and wy are 0.

2. Referring to the proof of the Shannon Sampling Theorem (Proposition 10.3), give
an example of a nonzero continuous function f in L2(R) such that f (k) = 0 for
every integer k and such that F f has compact support.

40Rabbani and Joshi refer to the the Cohen—Daubechies—Feauveau 5/3 biorthogonal wavelet as
the “LeGall (5,3) spline.”
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3. Theorem 10.10b limits the wavelets i that can correspond to a given scaling
function ¢. The form of the most general such i allows for a periodic function
v(y) of period 1 with |v(y)| = 1 almost everywhere.

(a) Prove thatif ¢ has compact support, then v(y) is a trigonometric polynomial.
(b) Prove that if v(y) is a trigonometric polynomial such that [v(y)| = 1 almost
everywhere, then v(y) = ce?™ ™ for some integer n and some constant ¢
with |c] = 1.
4. (a) Show thatif {V;}and ¢ form a multiresolution analysis, then o with ¢” (x) =
@(—x) is a scaling function for a suitable sequence of spaces {Vj#}, and
identify the corresponding spaces {V/}. Why does it follow that V/ = V;
if ¢” is an integer translate of ¢?
(b) Show that the scaling function ¢” is an integer translate of ¢ in the cases

of the Haar wavelet, the Shannon wavelet, the Meyer wavelets, and the
Battle-Lemarié wavelets.

(c) In the case of the Daubechies wavelets of order > 2, the function ¢ is not

an integer translate of ¢. Nevertheless, show that ¢” arises in some way
from the same kind of construction.

5. Let K be the interval [ — %, %), and let ¢ be the indicator function of K. Prove
that ¢ is the scaling function of a multiresolution analysis.
6. In connection with Proposition 10.38, define mq(y) = %(1 + ey,

o0

(a) Defineh(y) = [] mo(2~/y),and check that i (y) = (1—e~*"2)/(4miy) =

j=1
(Flo2D ).

(b) Verify that the integer translates of ¢ = Ijo 2] do not form an orthonormal
sequence. Conclude that hypothesis (iii) of Proposition 10.38 cannot be
weakened to the point of allowing this particular trigonometric polynomial
but still deducing that 7~ !4 is a scaling function.

Problems 7-12 concern the Haar system of Section 2. Let ¢ be the indicator function
of [0, 1), and define ®; () = 2//2q)(2~’x — k) as usual. The orthogonal projection
of L>(R) on the closed linear span V,, of the subset {Onitiez of L*(R) is

P )X =Y (fo FOI () dY)@,, ().

keZ

7. Why is P, f meaningful for all f in L'(R)? For f in L'(R), why is P, f
convergent to f in L' (R) as m tends to +00?

8. Give an example of an L' function for which P,, f does not tend to 0 in L' (R)
as m tends to —oo.
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9. Suppose that f(r) = 1 for0 <t < 1/3 and that f(¢) = O elsewhere. Show that
lim Jirnf P, f(1/3) < limsup P, f(1/3), so that the Haar series of f diverges
m——+00

m—+00
at the point + = 1/3. (By contrast the Fourier series of a function of bounded

variation converges at every point.)
10. The Haar system of wavelets consists of the functions Wj, LX) = 2/ 21/, 27 x —k)

on R with j and k in Z. Here ¥ (x) equals 1 for 0 < x < %, equals —1 for

% < x < 1, and equals O otherwise. Prove that the nonzero restrictions to [0, 1)

of ¢ and the functions 1//1.’ ¢ With j > 0 together form an orthonormal basis of
L%([0, 1]).

11. The Haar scaling function ¢ satisfies p(x) = ¢@(2x) + ¢(2x — 1) almost
everywhere. By working with Fourier transforms, show that any function f
in L'(R) N L?(R) with f(x) = f(2x) + f(2x — 1) almost everywhere equals
a multiple of /o 1)(x) almost everywhere.

12. Let®(x) = 1[7%,%)()0. Using the orthogonality of the functions x +— ®(2x —k)
for k in Z, show that ® cannot satisfy an equation

O(x) =Y ;PQ2x —k) a.e.
keZ

for complex constants a; such that ) |a 12 < oo.

Problems 13-17 concern the polynomial used in the construction of the Meyer
wavelets in Section 6. Fix an integer m > 1. Construction of the Meyer wavelet of
index m makes use of a C™ function v on R such that v(x) =0 forx <0, v(x) =1
forx > 1,v(y) + v(1 — y) = 1 everywhere, and v(x) equals a polynomial P (x) for
0 < x < 1. Define a polynomial P (x) for current purposes to be “admissible” if it is
divisible by x”*! has P(1) = 1, and has P® (1) =0 for 1 <k < m.

13. Show that if P is usable as the polynomial in the definition of the Meyer wavelet

of index m, then P(x) is admissible.

14. Show that an admissible polynomial exists if and only if there exists an admissible
polynomial of degree < 2m + 1, and in this case the admissible polynomial of
degree < 2m + 1 is unique.

15. Show that an admissible polynomial P of the least possible degree necessarily
satisfies P(x) + P(1 —x) = 1 for all x. Deduce that such a polynomial is usable
as the polynomial in the definition of the Meyer wavelet of index m.

16. This problem establishes a certain formula for the alternating sum of products
of two binomial coefficients. To do so, it combines a technique in the proof of

Lemma 10.35 with the technique used in proving the “Vandermonde convolution”
n
—+i . . . .« .
formula Jg (’;) (ij) = ("}™) for binomial coefficients, namely of recognizing
the two sides of the formula as the coefficient of x* on the two sides of the
equation (1 + x)"(1 + x)™ = (1 + x)**™™,
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(a) With m as above and with p < m, prove the formula

m+1

(1 -zt = f(—DM< >z1’-q + [zPT1],
q=0

where [zPT!] is an analytic function in a disk about z = O that is divisible
by zP*1.
(b) With m and p as above, prove the formula

(1 —z)~ D = i (m +k)zk + [P,

k=0 k

where [zP*1] is another analytic function in a disk about z = O that is
divisible by zP*!.
(c) Taking the product of the results of (a) and (b), prove that

i(—l)”_q<m + 1> <m +q>
q=0 pP—q q
equals 1 if p =0 and equals 0if0 < p < m.

17. Let D be the differentiation operator on polynomials in one variable. If f and g
are polynomials in x, the Leibniz rule says that

D'(fg) =3 (Z) (D" £)(DFg).

(a) With m as above and p < m, apply the Leibniz rule to compute D? of the
polynomial

Px) =x"13 (m + k)(l — 0k

=0\ k

Then evaluate at x = 1, and obtain the identity

(DPPY(1) = p!'y. (1) <’" i 1) (’" - q).
i p—a/J\ q

(b) Combine the above results to prove that the polynomial P is admissible for
index m, and conclude that P(x) is a polynomial of degree 2m + 1 that is
usable as the polynomial in the definition of the Meyer wavelet of index m.

Problems 18-19 refer to the spaces H®(R) of Bessel potentials studied in Problems
8—12 for Chapter III. The idea is to show that the Daubechies wavelet of order N lies in
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a suitable space H*(R) with s equal to a real number depending on N. Then one can
conclude that the Daubechies scaling function and wavelet of order N automatically
have whatever smoothness is forced on all functions in the space H*(R).

18. Using the estimate

N-1
FOOF < (S )WamN) T for 7 <1yl <2/

from Proposition 10.43, show that the Daubechies scaling function ¢ and wavelet
¥ of order N lie in H5(R) if s < % log, (T N).

19. Deduce Corollary 10.46 from the previous problem in combination with Problem
12¢ for Chapter III, showing that if m is an integer > 0 withm < % log,(w N /4),

then the Daubechies scaling function ¢ and wavelet ¢ of order N are of class
cm.





