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ABSTRACT

Combined use of the X-ray (Radon) transform and the wavelet transform has proved to be useful in applica-
tion areas such as diagnostic medicine and seismology. In the present paper, the wavelet X-ray transform is
introduced. This transform performs one-dimensional wavelet transforms along lines in R", which are param-
eterized in the same fashion as for the X-ray transform. It is shown that the transform has the same convenient
inversion properties as the wavelet transform. The reconstruction formula receives further attention in order
to obtain usable discretizations of the transform. Finally, a connection between the wavelet X-ray transform

and the filtered backprojection formula is discussed.
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1. INTRODUCTION

Both the X-ray transform (or Radon transform) and the wavelet transform have received
considerable attention in the literature and are of great mathematical interest in their own
right. Moreover, these transforms play a significant role in a large range of application areas.
In some of these application areas, such as diagnostic medicine and seismology, the two
transforms are applied in combination.

Combined use of the Radon transform and wavelet transform relevant to diagnostic medicine
can be found in [BW] and [OD]. In order to reduce the amount of data required for proper
reconstruction of the density of the object under consideration, localized inversion methods
of the Radon transform using wavelets are proposed there. The filtered backprojection for-
mula plays a decisive role in these approaches. This important formula receives attention in
Section 5 of the present paper.

The results mentioned above are also relevant to cross-borehole tomography in seismic
exploration; see for example [DL].

On the other hand, the Radon transform has proved to be useful in reflection seismology.
If one models the earth’s subsurface as a stratified medium, then the Radon transform can
be used to transform seismic data in such a way that arriving wavefronts with distinct propa-
gating velocities are separated. In this context, the Radon transform is referred to as a slant
stack [Rob].
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We shall now shortly describe the aforementioned integral transforms. The X-ray transform
[Nat]

PO, 2) = /Rf(ac + 10) dt

integrates a function f on R™ along an affine line z + Rf, where z € R” is perpendicular to
the direction 6. Observe that (6, z), where 0 is a unit vector and x a vector orthogonal to 6,
parameterize all lines in R”. In particular, the distance of the line .+ R to the origin is given
by ||z||. The relevance of the X-ray transform to diagnostic medicine can be understood as
follows: The attenuation of X-ray beams (along lines in R? or R?®) passing through a medium
with density f is modelled by the integral of the density function along these lines. It is the
aim of computerized tomography to reconstruct the density function from these attenuation
data, i.e., from the X-ray transformed function [SSW, Nat].

The X-ray transform belongs to the same family of transformations as the Radon transform

Rf(8,s) = o fz + s0)dz,

which integrates f along the affine hyperplane 8 + sf. As a matter of fact, the Radon
transform is also referred to as the (n — 1)-dimensional X-ray transform [Sol]. Note that for
n = 2, the Radon transform and the (one-dimensional) X-ray transform actually coincide.
In the present paper, the Radon transform appears in Section 5 in relation to the filtered
backprojection formula.

The wavelet transform

W, f(ba) = /Rf(t)%g (?) it, bER a>0,

which puts a function f to its wavelet coefficients W, f(b, a), is often considered as an alter-
native for the windowed Fourier transform in the time-frequency analysis of nonstationary
signals; e.g., see [Mey, RV]. The transform actually computes inner products of f with re-
spect to translated and dilated versions of one and the same function g, which is referred to
as the wavelet. Usually, the function g satisfies an admissibility condition to ensure that the
function f can be reconstructed from its wavelet coefficients W, f; details are given in Section
2.

In [FKV, FKV2], it has been argued that the Radon transform (as a slant stack) and the
wavelet transform (as a time-frequency analysis tool) have complementary useful features to
remove noise from seismic reflection data. For this reason, the two transforms are applied in
a cascaded fashion. This work motivates the definition of a transformation which combines
the properties of the wavelet and the X-ray transform. Indeed, we consider the wavelet X-ray
transform

P,f(0,z,b,a) = /Rf(x +t9)%g <?> dt.

This transform computes one-dimensional wavelet transforms along lines in R” which are
parameterized in the same fashion as for the X-ray transform. In Section 3, the wavelet X-ray
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transform will be discussed in detail. It is shown there that the wavelet X-ray transform has
the same convenient reconstruction properties (Theorem 3.3) as the usual wavelet transform
(Theorem 2.2). In Section 4, it is shown that the reconstruction formula of the wavelet X-ray
transform is an integral over elementary orthogonal projections. It is expected that these
projections will play a role in usable discretizations of the wavelet X-ray transform. In this
spirit, it is shown that certain products of these elementary projections give rise to separable
wavelets. Such wavelets were also proposed for seismic data processing in [CC]. An effective
use of the wavelet X-ray transform for seismic data processing in a more advanced fashion is
an aim for further research.

The wavelet X-ray transform is closely related to the windowed X-ray transform [KS, Tak],
which is given by

Xt = [ fo+ g
R
where z € R” and 0 # v € R". If we set

v
0= T =y (00 b= (n0). a= ol

then X, f(y,v) = P,f(0,2,b,a). The reconstruction formulas in Section 3 are simpler than
the corresponding ones in [KS, Tak]. Moreover, in the present paper, discrete versions of the
transform are discussed.

2. THE CONTINUOUS WAVELET TRANSFORM

The continuous wavelet transform has been studied thoroughly by several authors. The
transform was introduced in [GMP1, GMP2| and several books on wavelets [Dau, Hol2, Koo]
provide an introduction to the subject. For completeness, we shall state and prove some
important results from the literature concerning the continuous wavelet transform acting on
L?(R), the space of square integrable functions on R. For f,g € L?(R), consider the expression

W, f(b,a) = /Rf(t)%g (?) dt, (ba) € H,

where H = {(b,a) € R? | a > 0} denotes the open upper half plane. We shall refer to W, as the
continuous wavelet transform. The function g plays the role of the wavelet and will normally
satisfy a so-called admissibility condition which will be specified later on. In most signal
analysis applications, the wavelet under consideration should also be (essentially) localized
in a compact interval; see [Mey, RV] for an explanation of these matters. If we introduce the
shorthand notation

ga,b(t) = %g (t ; b) , ga(t) = ga,O(t)a t e R, (bv a) € H,

we get W, f(b,a) = (f, gap)12r)- Observe that g, represents a dilated and translated version
of the function g, which is normalized in such a way that ||gasllz2®) = llgllz2@®). To fix

notation, we remark that the Fourier transform f — f, given by

iy 1 —iWwT
flw) = o= / f(x)e = d,
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is a unitary operator on L*(R). The wavelet transform W,f of f can also be described in
terms of the convolution product. The convolution product of fi, fo € L%(R) is given by

(f1* fo)(z /f1!13—tf2

Observe that this formula is defined for almost all z € R, but that f; * fo needs not be in
L*(R). Using the notation g(t) = g(—t), we get Wy f(b,a) = (f *ga)(b). This fact plays a role
in the proof of the following theorem, which states Plancherel’s formula for the continuous
wavelet transform. In the theorem, the wavelet g should satisfy the following admissibility
condition: the expression

[Pl
Cy —/0 d (2.1)

a

must assume a strictly positive value and should be constant for almost all w € R. A function
g € L*(R) which satisfies the admissibility condition is called an admissible wavelet. At the
end of this section, a short exposition on the collection of admissible wavelets will be given.

Theorem 2.1 (Plancherel’s formula) Let g € L?(R) be an admissible wavelet, then for
f € L*(R), one gets

/|f (t)|*dt = —/|Wfba|2db—

Proof First, we write

[ Wb an s - //| )P b %,

It is straightforward to verify (c.f. [Koo]) that

//| < Gu0)P b % = //|f )PlGa()]? do %,

where both sides may be positive infinite. We remark that g, s(w) = va glaw)e . This
leads to

/|Wf(ba|2db— [7 [ Frpapae® =
[ 1Rt o=y [ 1) do = 17

Here, we have used Fubini’s theorem and Plancherel’s formula for the Fourier transform. This
proves the theorem. O

We remark that, by polarization, we may derive from Theorem 2.1 Parseval’s formula: if
f,k € L*(R), then

da 1
() 2y = /WfbaWk(ba)db—a:a(ng,WgMLz(H).

We now proceed with a reconstruction formula for the wavelet transform.
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Theorem 2.2 (Reconstruction formula) Let g € L?(R) be an admissible wavelet, and let
f € LA(R). Then

= [ Wt t.hgus b5 2.2
g JH

The integral converges in the norm of L*(R).

Proof We first prove that the right-hand side of (2.2) is in L?(R). In the main body of the
proof, we will replace W, f by an arbitrary o € L?(H). Let (K;,)>_, be a non-decreasing

sequence of compact and measurable subsets of the open upper half plane H, such that
U_, K, = H. Define

m=1
1 d
Tn=— [ o(ba)gup(-)db =y, men
Kom a

Then for any k € L%(R),

—— da
2

TR = - [ [ o aepFD @ G ar

a

Note that the integrand is in L'(R x K,;,). Indeed,
da da
|0(b,a)gap (D)D) dtdb— < | |o(b,a)| - lgll2e)llkllL2w)db— <
Km JR a Km a

g2kl L2 @)l L2 sy V1 (Em),

where ;1(K,,) denotes the measure of K,, with respect to a 2dbda. Therefore, we may apply
Fubini’s theorem and arrive at

1 da 1
TP = [ 0.0 [ K0)gaadt bS5 = (o Wy,
R

¢y Jk,, 9
This implies
T k) 2] < —— 1022 ¥l 2
Ve

and we get Z,, € L?(R). Next, we prove the convergence in norm of the right-hand side of
(2.2). It suffices to prove that the sequence (Z,,)%°_; is a Cauchy sequence in L%(R). Let
p < q be positive integers and consider for £ € L?(R) the expression

4
Ty — Ty K2y = / o (b, ) Wyh(b,a) db 22 <
Kq/KP a

\// ba|2db— \// |kaa)|2db@<
KQ/KP Kp
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d d
¢/ (b, a)[2db o - Wkl = /g - Il oo V/ o (b, a)f2db .
KQ/KP

This implies

q
17y~ Tyl o) < Vs \// o(b,a)[2 db 5.
/Kp

As p,q — oo, the integral tends to zero, since the integrand is in L' (H). To prove the equality
n (2.2), let 0 = W, f to obtain

mlgnoo<1m’ k>L2(R) - mlgnoo ¢q <W f7 W, k>L2 <f7 >
This proves the theorem. O

Define the adjoint operator W : L?(H) — L?(R) by duality:
(i Wio) 2@ = (Wof,0) 120, f€L*(R), o€ L?(H).
Then W; is a bounded operator with norm ||[W/ || = ||W,|| = \/¢;. We may write

N da
vnazéaw@%umw—

By the proof of the preceding theorem, the integral converges in L2(R). The following theorem
states that W, is left-invertible, and the orthogonal projection onto its range is given explicitly.

Theorem 2.3 If g € L?(R) is an admissible wavelet, then
1 *
f=—W;W,f
Cq
for all f € L*(R). Moreover, the orthoprojector onto ran W, C L*(H) is given by

1
C—WgWg* . L2(H) — L*(H).
)

Proof The first part of the theorem follows immediately from Parseval’s formula. The
bounded operator 1I, = cg_leWg* obviously satisfies HZ = Il and II; = II;. Remains
to prove that ran II, = ran W,. Clearly, ran II, C ran W, and the converse inclusion follows
from Il W, f = c; ' W WiWyf = W, f. O

A few remarks concerning the admissibility condition (2.1) are in order. Given g € L?(R),
the admissibility condition (2.1) comes down to

RE@P Tl o
cg—/0 " d_/o - da € (0, 00).
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Indeed, the cases w < 0 and w > 0 in (2.1) are reduced to the cases w = —1 and w = 1,
respectivily, by change of the variable of integration.

Moreover, if § is continuous at 0 (which is the case when g € L'(R)), then the existence
of the integrals above implies that §(0) = [, g(z) dz = 0. The following lemma shows that
for certain classes of functions, admissible wavelets are actually characterized by a vanishing
mean value.

Lemma 2.4 Let g € L?(R) be a non-zero real-valued function.
(a) If there exists a > 0 such that
9(w) = 9(0) = O(lw|*),  w =0,
then: g is admissible if and only if g(0) = 0.

(b) If there exists o > 0 such that g(-) (1+]-])® € LY(R), then: g is admissible if and only
if [ 9(z)dz = 0.

(c) If g is compactly supported, then: g is admissible if and only if fR z)dz = 0.

Proof In all three cases, g is real-valued, so ¢ is symmetric. Together with the fact that g is
not identically zero, ¢ is an admissible wavelet if and only if

[F
0 w

In addition, we have assumed that g € L?(R), hence § € L(R). It follows that the admissi-
bility condition is equivalent to

[y,
0 w

In all three cases, the only if part follows from the discussion before the lemma. Observe that
for g € L'(R), ¢ fR x)dz. We now focus on the if parts, where we may and do assume
that 0 < « < 1

(a) If g(0) =0, then §(w) = O(|w|*) for w — 0, so

1
/'9( I 4, <0/ Wy = 2 < oo,
0 w 2¢¢

(b) If g(-) (1 +1-])® € L'(R), then

§(w) — 9(0)] < \/% / lg(@) e — 1]dz =

Ll W @) e
V21 Jjz|<1 V21 Jiz[>1

can be estimated from above by C - |w|* for |w| < 1, say. We are now back in situation

(a).

e

dr + dr

|g()]

efiww -1 ‘ |a

—wx __ 1
wx

(wa)®
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(c) If g is compactly supported, then g(-) (1 +|-])® € L*(R) and we are in situation (b).
This proves the lemma. O

An obvious example of an admissible wavelet which is not compactly supported is the mexican
hat given by ¢ — (1 — t2)e~t"/2,

3. THE CONTINUOUS WAVELET X-RAY TRANSFORM

We shall now consider a transform acting on square integrable functions on R®. This trans-
form actually performs one-dimensional wavelet transforms (see the preceding section) along
lines in R™. These lines are parameterized in the same fashion as for the usual X-ray transform
(see [Nat, Sol]), i.e., by means of the vector bundle on the unit sphere

T={(0,z)]|0c 8" zcot}

Here 6+ denotes the orthoplement of § € S»~! in R*. Let g € L?(R), f € L?(R"), and define
Pf(0.5.6,0) = [ o+ O)gulBdt, (6,5)€T, (ba)
R

The transform P, will be called the continuous wavelet X-ray transform. If we fix § € S"~1,
we shall write

P,of(z,b,a) = P,(0,2,b,a), =z €0, (ba)€H

We shall also formulate results in terms of this transform, i.e., for the wavelet X-ray transform
with fixed direction # € S"~!. In the next theorem, we derive Parseval’s formula for the
wavelet X-ray transform.

Theorem 3.1 (Parseval’s formulas) Let g € L?(R) be an admissible wavelet, then
P, : L*(R") — L*(T x H)

is a multiple of an isometry. In fact,
(Pyfs Pgk)r2(rumy = ¢ - 1S - (f, k) 12m)-

Moreover, for fived € S"~!, the transformation
P,q: L*(R") — L*(0* x H)

s also a multiple of an isometry with

< ggfa 99k>L2(0J-><H =Cq- <fa >L2 R™)-
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We state and prove a lemma which has Theorem 3.1 as an immediate corollary. Note that
P, = W,I can be written as a cascade of two operators, where I' : L?(R*) — L?(T x R) is

defined by
Lf(0,z,t) = f(z+10), (0,z,t) €T xR,

and where W, : L*(T x R) — L*(T x H) is a lifted version of the one-dimensional wavelet

transform, given by

W,0(0, a,b,a) = / o(0,2,)g0s0) dt, (B,0) €T, (ba) € M.

R

In the same fashion, for fixed 6§ € 5™, we get P, 9 = W,I'y, where I'y : L?(R") — L?(0* x R)
is given by Tpf(z,t) = f(z+1t0) for z € 0+ and § € S" L. Here W, : L2(0+ xR) — L?(0+ x H)

is another lifted version of the one-dimensional wavelet transform.
Lemma 3.2 The mapping

I: L}R") - L*(T x R)
is a multiple of an isometry. For fized @ € S, the mapping

Dy: L2(R") = L?(0+ xR), 6 S" !,
is an isometry, and if g € L*(R) is an admissible wavelet, then

W, : L*(T xR) — L*(T x H), W, :L*0" x R) — L*(0* x H)
are multiples of an isometry.

Proof First, for any f € L?(R"), we get

||F9f||%2(9L><R) = / / |F9f(x,t)|2dt dxr =
0+ JR

[, 18+ )P dtds =171 o

o+ Jr

With a slight modification of the preceding argument, one obtains
1012 ) = 1™ 1711 -

Next, if 0,7 € L?(T x R), then

——  d
(W0, WoT) 12(T ) :/ /W90(0,$,b,a)WgT(0,$,b,a) dba—gd(O,w) =
T JH

/T<Wga(9,x,-,-),WgT(e,x,-,-»LQ(H) d(H,m):/ 40,2, ),7(8, 2, )) 12y (0, ) =

T

cg/ /U(H,x,t)T(O,w,t) dtd(0,z) = cg(0, T) 12(T xr)-
T JR

The fact that W, : L2(0+ x R) — L%(6+ x H) is a multiple of an isometry is proved in the

same fashion.

O
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Theorem 3.3 (Reconstruction formulas) Let g € L?(R) be an admissible wavelet, then
for any f € L2(R"), we get

da

1
_ P Ey- . — 1
] [, [P O Fr b a4 00) b S (3.1)

f=

where Eg = I — (-,0) denotes the orthoprojector onto 6+ C R*. Moreover, for § € S*~! fized,

F= o [ Poaf(Brba)gus((,0) b 5. (32

4

Both integrals converge in L2(R").

Proof We first prove that the right-hand side of (3.1) is in L?(R"). In the main body of
the proof, we will replace P,f by an arbitrary ¥ € L*(T x H). Let (K,,)%_; be a non-
decreasing sequence of compact and measurable subsets of the open upper half plane H, such
that ;- Ky, = H. For m € Z*, define

T, = — 1 0 da
E . (l . .
cq| S™1| /Snl/ (0, -, b, a)ga,p (-, 0)) db a2 do

Then, for any k € L?(R"),
_ 1 —— da
(Zm, k>L2(R”) = m I R 2(0, Egy, b, a)gan((y, 0))k(y) dbﬁ do dy.

The integrand is in L'(R* x S"~! x K,,). Indeed,

/ / //|2(9,$,b,a)ga,b(t)k(x+t0)|dtdmd0dbd—gg
mJ S /oL Jr a
/ / / 12060, 2,b.0)] - 9]l e /|k(x+t0)|2dt dw b db 2 g <
K, JSr=1JgL R a
9 da
9/l 22 @)1 &l| 22 () 5(0, 7, b,a)| dz df db— <
Km Sn—l QL a

gLz @)1kl L2 )V i (Km) - 1S - IZ] L2750 -

Therefore, by Fubini’s theorem,

da
(T, k) 2rn) = S 1|/K /Sn 1/‘%/ X(0,2,b,a)g.(t )k(x—l—t@)dtdxd@db—:

- da 1
P, ¥, P, .
= 1|/m/sn 1/0L (0,2,b,a)Pyk(0, ba)dxdb 5 1|( s Pok) 12(Tx Kom)
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This implies

1
[(Zm, k) 2 en)| € —==—== 1]l L2 (73 1]l L2 ),
cglS™

and henceforth Z,,, € L?(R").

Next, we prove the convergence in norm of the right-hand side of (3.1). It suffices to prove
that the sequence (Z,,)%_; is a Cauchy sequence in L?(R"). Let p < ¢ be positive integers
and consider for k € L?(R™) the expression

<Iq - Ip, k>L2(Rn) -

1 - d
ﬁ/ / / /E(H,w,b,a)ng(H,w,b,a) dtdxdadb—g <
cglS™ Kq/Kp Jsn—1 JoL Jr a

1 d

p—) / / / |%(0,x,b,a)|? dxdﬂdb—g X
cglS™ K, /K, Jsn—1 Jot a

da
X |ng(9,$,b,a)|2 dxd@db—Z S
Ky/Kp JSn=1 /oL a

1 d
S / / / 15(0, 2, b, a) |2 d O db =5 - ||k 12 (zn)-
\/cg|S”_1| Ky /Ky Jsn=1JoL a

Therefore,

da

1
T, =Tl o ggem) < — e - / / / (0, , b, a)[? dz df db 22
|| q pHL (R™) \/m \/Kq/Kp gn—1 0J_| ( )| a2

As p,q — oo, the integral tends to zero, since the integrand is in L' (7 x H).
To prove the equality in (3.1), let ¥ = P, f. Then

. . 1
im (Zy, k) pogny = lm ———ALy f, Pok) 2 (T i) = (5 ) 227y

m—o00 m— 00 cg|S”_1|

A slight modification of the preceding part of the proof yields (3.2). This proves the theorem.
g

We proceed in the same fashion as for the continuous wavelet transform. Define the dual
operator Py : L?(T x H) — L*(R") by

<P;Ea f>L2(R”) = (Zanf>L2(TXH)a Ye LZ(T xH), fe€ LQ(]RH)'
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Then Py is a bounded operator, with norm || Py || = [|[Py|| = \/c4|S™~!|, and is given by

. da
Py = /Snl /HE(Q,Eg-,b, 0)gas((-0)) db 2% dp, ¥ € LA(T x H).

a?
By the proof of Theorem 3.3, the integral converges in L?(R"). Analogously, one may define
the dual operator of Py g, where 6 € S™~1 is fixed. Indeed, put

(Pr oS, fra@ny = (5, Pyof)ropixms S € L(0- x H), f e L*(R").

Then Pj, : L?(0+ x H) — L?(R™) is given by

* da
FoS = [ S(Erb.ohgos((,0) db 5.
H

This integral also converges in L?(R"). The next theorem identifies the left inverse of P, and
the orthoprojector onto ran F,;. Analogous results can be stated for P, p, but we shall omit
those.

Theorem 3.4 If g € L*(R) is an admissible wavelet, then

_ 1
B cglS™ |

f PP, f

for all f € L?>(R™). Moreover, the bounded operator

1

WPQP; N LZ(TX H) — LZ(TX H)
Cq

defines the orthoprojector onto ran P,.

4. ELEMENTARY PROJECTIONS

In this section, we may and do assume that ||g||;2z) = 1. The reconstruction formula (3.1)
can be seen as an expansion of a function along wavelets of distribution type. To make this
more precise, assume for the moment that f € C(R*) N L?(R") is a continuous function in
L?(R™). Write

1 —_— da

fW) = —<— f(Egy +t0)gap(t) dt gap((y,0)) db — db =
cglS" Jsn-1 Ju Jr a

1
cgl SPTH Jgn-1

_— da
[ [ 105at0ma s — ) dz gus (0. 0)3(Evy — ) ds db 5 d
uJoLt Jrn a
We have introduced here the delta distribution which satisfies

k(xz) = /gL E(w)d(z —u)du, =6, keCO).
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If we define the distribution ¢ 5 45 = 6(Ep - —x)ga((-,0)) and interpret it as a wavelet (see
[Hol, Hol2]), i.e., if we write

W¢f(07 z, ba a’) = f(z)lpg,x,a,b(z) dz = Pg(ev z, ba (Z),
Rn

then we arrive at

1

da
f(y) B W gn—1 /H oL W1/,f(0,ac, b, a)t/)g,m,a,b(y) du db ? do.

Instead of using wavelets of distribution type, we introduce for § € S"!, (b,a) € H, the
elementary projections

G0,a,bf = ng(anH'aba a)ga,b(<'70>)a f € LZ(]Rn)a

and rewrite the reconstruction formula (3.1) as

1 da
= — db — df
f cg|Sn,1| /Sn—l AGQ,a,bf a2 ’

and reconstruction formula (3.2) as
1 da
f= o [ Goast 5.
¢g Ju a

for fixed # € S"7!. As we have seen, the integrals converge in L?(R"). In terms of the
aforementioned distribution 1, we could write for a continuous function f in L?(R") the
formula

GG,a,bf = /(9L WI/)f(oa z, ba a)d)e,w,a,b diE,

but we will study the elementary projections without further reference to the wavelet of
distribution type ¢. Lemma 4.1 shows that the elementary projections indeed are orthogonal
projections on L?(R"). In the remainder of this section, first results on discrete versions of
the wavelet X-ray transform are presented.

Lemma 4.1 Let g € L3(R) be an admissible wavelet. Then
Goap: L*(R") — L*(R")
is an orthogonal projection onto the subspace

Myap = {f € L*([®") | f = @(Ep)ga,((,0)), for some o € L*(6)}.
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Proof We first prove that Gy, is a bounded operator. Indeed,

/ Goanf ()] dy = / / Py (8,2, b,0)Plgan(t)? dit dz =
R™ 9L JR

/9L |ng(0,(II,b, a')|2 dlE S ||f||%2(Rn)

Moreover, the operator is self-adjoint:

(Goaad Bypzgeny = [ [ Put(0.0.0,00000(OF + ) dtdo =

/ ) / / £+ $0)90 ()90 (V@ + 10) ds dt dz = (f, G sk} 2.
[ R

Further, the operator is idempotent: for almost all y € R”,

G20l (y / Gorand (Epy + 10)3a (@) dt gup((y,0)) =

/R P, £(0, Egy, b, 0)gas (1) 7an ®) dt gap(4,0)) = Go af ().

Next, we identify the range of Gy 5. For each f € L?(R"), we get
GG,a,bf = ng(oa Eg'a ba a)Qa,b(('a 0>) € Me,a,b'

If o € L?(6%), then f = ©(Eg-)gap((,0)) satisfies Ggopf = f. O

We also have the following version of Parseval’s formula:

Lemma 4.2 Let g € L?(R) be an admissible wavelet. Then for any f € L*(R") and 6 € S™ 1,

1 da
11y = 5 [ 1G0anf ey 55
g Ju

Proof By Parseval’s formula,

/If Izdy——// |Pf0xab)|2dxdb—

The lemma now follows from

Goas s = [ [ 100,50 0)gas P dtds = [ |26, da
oL+ Jr oL



4. Elementary projections 15

We will now study products of the projections Ggqp. If f € L?(R"), then for arbitrary
(0,a,b), (p,a,B) € S x H, we get

GG p0,8f(y) = / Goapf (Egy +10)gap(t) dt gup((y,0)) =
R

/R / F(BpEgy + B0+ 50)905(3) Jan@as((ys Bag) + 16, 0)) ds dt gas((y,0))

for almost all y € R". We will specify two important cases.

CASE 1
Consider the case when 60 = ¢. In this case,

GorasGoosf(y) = / / F(Egy + 50)90.5(5) Jan(B)dos(t) ds dt goy((y,60)) =
RJR
(9as Gap) 2 () Py f (0, Egy, B, ) gap((y,0))-

CASE 2
In the case when 6 L ¢, the product comes down to

GoratGooasf(y) = / / F(EpEgy + 19+ 50)905(5) Jan(® ds dt gas((y, 0))gan ({4, 0)).

Observe that in this case, EyE, = E,Ej is the orthoprojector onto the (n — 2)-dimensional
subspace {6, Lp}L. Moreover, it is immediate that the orthoprojectors Gy .5 and G, o g com-
mute. The following lemma is an immediate consequence of these facts.

Lemma 4.3 Let 0y,...,0, € S™ ! be mutually orthogonal unit vectors, and let (bj,aj) € H
forj=1,...,n. Write

0=1(01,...,0,), a,b=1((a1,b1),...,(an,by)).

Next, define

n n
FQ,a_,b = Hgaj,bj(<'70j>)7 GQy b = H G0j7ajvbj'

Then FQ,G_J, € LZ(]Rn), “FQ,a_,b“L?(R") =1, and

GQ,a,bf = (fa FQ,L,I)>L2(R”) FQ,a,b-

In particular, the operator Gy qyp 45 an orthogonal projector of rank one.
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We derive Plancherel’s formula concerning the coefficients (f, Fy op)72(=ny of f. By Lemma
4.3, we get o

1Go,a0fllL2mn)y = [(fs Fo,ap) 2@l

By repetitive use (n times) of Lemma 4.2, we arrive at

da da
— 2 n 1
I ltery = g o [ [y 100 Poashusan? din o o

It is an aim of future research to study the discrete wavelet X-ray transform. We shall give
a preliminary result in this direction. We omit the straightforward proof.

Proposition 4.4 Let K C H be a countable subset and let g € L*(R) be a wavelet, such that
{9ap}(b,0)ex s an orthonormal basis of L*(R). If 0y,...0, € S™ ' are mutually orthogonal
unit vectors, then {Fyaptapcin is an orthonormal basis of L*(R"). In particular, if f €
L2(R™), then

f=> (f,Foap)rz@nFaap

a,bEK™

and

1A ey = Y [Fs Foap) el

a,beEK™

The type of orthonormal wavelet bases in L?(R) we particularly have in mind in Proposition
4.4 are the ones consisting of compactly supported wavelets [Dau, Dau2]. Wavelets in L?(R?)
which are the product of wavelets in L?(R), such as the ones in Proposition 4.4, are called
separable wavelets; see for example [Dau].

5. APPROXIMATION OF THE IDENTITY

As indicated in the introduction, the reconstruction of a (density) function from its Radon
transform is relevant for a range of applications. The backprojection formula, given by Lemma
5.1, enables us to approximately reconstruct an L! function from its Radon transform. In
fact, we will use the wavelet transform to construct an approximate identity in the same
fashion as in [BW]. Proposition 5.3 gives a connection between such an approximate identity
and the wavelet X-ray transform.

The Radon transform or the (n — 1)-dimensional X-ray transform R : L'(R") — LY(Z) is
given by

Rf(0,s) = flz+s0)dz, (0,s) € Z,

oL
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where Z = S"! x R is the unit cylinder. It is easily verified that the Radon transform R is
a bounded operator on L'(R"). Indeed,

IRf |z < / / / @+ $0)|d ds dB = |5 - |l (an)-
Sn=1L Jr J O+

We mention that R is not a bounded operator on L?(RR"); see [Sol]. In this section, convolution
products arise of functions in several function spaces. If hi,hy € L'(Z), then define

(hy * ho) (6, 5) :/hl(ﬁ,s—t)hg(ﬂ,t) dt, (0,5) ¢ Z.

R

For f1, fo € L'(R"), we have the usual convolution product
(fixf2)y) = | fily—2)fa(z)dz, y€ER".
RTL

We shall consider the dual operator R# of R. Identify bounded linear functionals on L'
with functions in L*. The backprojection formula is given by the following lemma. For
completeness, we give its proof; see also [Nat].

Lemma 5.1 (Filtered backprojection) The dual operator R¥ : L™(Z) — L*®(R") of R
s given by

R*h :/ h(B,(-,0))ds, hec L>®2).
Sn—l

Moreover, if f € L*(R") and h € L*(Z) N L'(Z), then h x Rf € L*(Z) N LY(Z) and

R*(h+ Rf) = R"h « f.

Proof Observe that, by Fubini’s theorem,

/ZRf(H,s)h(H,s) d(e,s) = /S”—l/]R o flz+sO)h(0,s)drdsdd =

[ 1) [ m6.(0.0))do .
and the first part of the lemma is proved. Note that

1B % Rf[lpoo(zy < 1™ - (1Bl zoo 2y I f Nl 11 amy

and

lh* R lpaczy < 18" IRl gz 1 gemy-
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Finally, for almost all y € R”, we get by Fubini’s theorem,

R (los Rf)(y) = /

gn—1

(hxRf)(6, (y,H})de/Sn_l/Rh(H, (y,0) —s)Rf(0,s)dsdf =

/Sn1 /R/eL hO,(y,0) — s)f(z + s0) dz ds df = /R R*h(y — 2)f(2) dz = (R*h * f)(y).

This proves the lemma. O

As we are considering functions in L', we shall adapt the normalization of dilated functions
to this norm. Indeed, in this section, we shall write for g € L' (RF)

ga(-) = a—lkg (5) :

i.e., such that ||gallz1 sy = 9llL1 @) for a > 0. If h € LY(Z), then

o 1 ) n—1
ha(6,) = =h (9, 5) , 0es
for a > 0. We will need the following classical result (see e.g. [Ru]).

Lemma 5.2 (Approximate identity) If h € L'(R") is positive with norm 1Al wny =1,
then

Eﬁ]l |ha * f = fllLr@ny =0,
where hq() = &h(%) for a>0 and f € L'(R").

Proof Fix € > 0. Observe that for almost all y € R,

(s N0 = 1) = [ B =) = (0] =
hence

lha * f = Fllaen < /

Rn

ha(2) o |fly —2) = f(y)|dy dz.

Let ¢ be a continuous function with compact support contained in a closed cube [—A, A]",
such that ||f — ¢|p1zn) < /3. Then ¢ is uniformly continuous: there exists 0 < § < A/2
such that [|z]|] < 0 implies

£
[y —2) —p(y)] < i gn”

We arrive at

1f(-=2) = flloren) <
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1F(=2) —@( = 2)llpr@m + ol = 2) =@l @n) + llo = Fllor e =

20l = Fllr@ny + el = 2) = @l @n)-

Since

ot =2) = Plusgeny = | oty =) = plal dy =

€ 9
y—2)—p(y)|dy < BA)"  ——— = -,
[ =) = ey < (4 g = ¢

we conclude that ||f(- — 2) — flliny <€ if ||z]| < d. Therefore,

[ha * [ = flli@ny <

/ ha ()£ = 2) = Fllpsny dz + / ha(F (- = 2) = flluagan dz <
llz]|<é

[|2]|>6
e+ 2|7 / Lhyaz=e +2)7) / h(z)d
L1(rn —n —_ zZ = L1(r" z Z.
(=) llz]|>6 @ a (=) [|2]|>6/a

Since h € L'(R™), the latter expression can be made smaller than 2¢ by taking a small
enough. This proves the lemma. O

We are interested in the following situation. Let g € L°(R) N L' (R), a > 0, and define h €
L>®(Z2)NLY(Z) by h(d,-) = g. By Lemma 5.1 and Fubini’s theorem, we get for f € L!(R"),

(R*hy * F)(y) = R¥(he = Rf)(y) = / RI(0,5)9a(s — (9, 0)) ds do =

sn—1 JRr

/ / @+ 50)ga(s — (y,0)) da ds d =
sn—1 Jr JoL

[ [ ] et 0@ dzasao = [ pyso.c.00.0).0)40.2)

Here P, maps L' (R") into L] (7 x H), since P, € L' (T x K) for all K C H compact. Indeed,

if f € LY(R") and K C H compact, then

/ / (P, f(6,2,b,a)| d(8, ) db ™% <
KJT a

// //|f("”+t9)|'Iga,b(t)|dtdxd9dbd_gS
K Jsn-1 JoL Jr -
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1 da
// //|f(513+t9)|dt—||gHLoo(R)dzd0db—2:
K JSsn=1JgL Jr a a

n— 1 da
15" sy e ) /K Lap % <o

Observe that the function R#h is radially symmetric:
) = [ oo =157 -Gl v e
We will assume in addition that g € L®(R) N L'(R) is a positive function and that
o
/ gt)t"~tdt = |S" 72
0

In this case, R#h is a positive function in L' (R") with norm “R#hHLI(Rn) = 1. We may then
apply Lemmas 5.1 and 5.2 to obtain the following result.

Proposition 5.3 If g € L'(R) N L>(R) is a positive function such that [;°g(t)t" tdt =
|S"=Y=2, and h € LY(Z) N L>(Z) is given by h(0,-) = g, then

5" - galll - ) * f = R¥(ha  Rf) = /Tng(H,x, (,0),a)d(0,x)
converges in L'(R™) to the function f € L'(R") as a | 0.

We remark that in the lemma, g,(|| - ||) = ég(@) Note that, by assumption, the wavelet g
under consideration is not admissible. In some literature (e.g. [Dau]), such a wavelet is called
a father wavelet (instead of a so-called mother wavelet) or a scaling function. An example of
such a wavelet is given by g(¢t) = C - e_tZ, t € R, with an appropriate normalization constant

C.
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