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PROPAGATION OF THE STANDARD METHOD OF
INVERTING THE RADON TRANSFORMATION TO
THE CLASS OF DISCONTINUOUS FUNCTIONS

D.S. ANIKONOV, E.YU. BALAKINA, D.S.
KONOVALOVA

INTRODUCED BY D.S. ANIKONOV

Abstract: The problem of inverting the Radon integral transformation
in finite-dimensional Euclidean space is considered. Examples of
application of this transformation in pure and applied mathematics

are given. The relevance of this topic for probing issues is indicated.

It is noted that for the latter direction, it is natural to consider

the sub-integral function as discontinuous. However, the available
inversion formulas are only proven for differentiable functions. Therefore,
the question of obtaining formulas for discontinuous functions arises.

It is set that the required results can be obtained by some modification
of available proofs for smooth functions.

Keywords: Radon transformation, discontinuous functions, probing,
tomography, integral geometry.

1 Introduction

The Radon transformation is defined as integrals of a function over hyperplanes
in n-dimensional Euclidean space. This transformation has been used in
many areas of mathematics. For example, in the theory of hyperbolic differential
equations, it was possible to reduce the dimension of space to two. In this
simple case, it was possible to use explicit representations for solutions
of Cauchy problems. However, such representations were obtained for the
images of the Radon transformation. Therefore, the next stage of the work
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was the question of inverting the transformation. These mathematical aspects
have been investigated, for example, in [1,2]. It is important to keep in mind
that the obtained inversion formulas were proven only for smooth functions.
Another application of the Radon transformation relates to the theory of
probing unknown media with various physical signals. In particular, the
mathematical part of X-ray tomography theory is reduced to the inverse
Radon transformation for n = 2 and n = 3.

Furthermore, the Radon transformation is widely used in seismic exploration,
geophysical mapping, defectoscopy, and environmental monitoring. Some
similar applications are represented in |3 — 14].

It is emphasized that for probing, it is natural to consider the sought
characteristics as discontinuous functions. This is the way to describe inhomogeneous
media consisting of different materials. However, as already mentioned, the
available formulas are proven only for smooth functions.

In the present work a slight modification of available proofs allows to
obtain explicit inversion formulas for discontinuous sub-integral functions.
There are grounds to believe that the application of our formulas will noticeably
expand the possibilities of using corresponding algorithms.

2 Notations, Definitions, and Problem Statement

We will use the following notations. [E,, means an n-dimensional Euclidean

space; €1,..., ey, is the main orthonormal basis in E,; points z,y,w in the
space E,, in a general basis are represented as x = (x1,...,2y), ¥ = (Y1, -, Yn),
w = (w1,...,wn); Q denotes the unit sphere in E,; w is an element of the

sphere in E,, @ = {w : w € Ep,|w|} = 1Y (w,p) ={y : y-w = p},
y €K, we N, —0o < p < oo represents a hyperplane in E,,; 0T denotes the
boundary of the set T, T C E,,.

Let G be a bounded open set containing pairwise disjoint open sets G;,
i = 1,...,N. Denoting the union of these subsets by Gy, we require that
Gop = G. We assume that the boundary of the set Gy has zero measure in
the space E,,. Define the class of functions F'. Function f(y), y € E,,, belongs
to F, if the following conditions are satisfied: |f(u) — f(v)| < const|lu — v|®,
u,v € G, 0 <a<1land f(y) =0 for y € E, \ G, where const is a positive
number, ¢ = 1,..., N. Apart from the main basis, we will use spherical angles
© = (¢1,-..,pn—1) for representing w:

UJ(QO) = <w1(¢>a'--vwn(§0))a p1 € [0727T)a P2, Pn—1 € [Oaﬂ-]a
w1 = sin g sin s .. .sin @1
wo = COS Y1 8N Y2 ...8IN Y,_1

w3 = COS Yy Sin (3 .. .sin @,_1

Wp—1 = COS Yp_2 - SIN QYr_1

Wy, = COS Yp—1
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In this article integration over €2 is used. Therefore we give the following
definitions.
The integral of the function g(w) over €2 is defined by the equality:

Lo@io= [T [ [ stwtensime e tsngus 2 dor..don

We say that a subset g of the sphere 2 is a set of measure zero if the
projection of 2y onto the hyperplane ,, = 0 is a set of zero measure in E,,_;.

Let f(y) be a function defined for y € E,,, which is integrable in E,,. The
Radon transform is defined by the equality:

RA@n = [ 1 (2.1)
yw=p
where the right-hand side contains a surface integral over the hyperplane
Y (w, p). Using Fubini’s theorem for any w € 2, we have:

/Gf(y)dy= 70 / f(y)dyodp = 70[Rf](w,p)dp (2:2)

—00 Y- Ww=p —00
In the following, we will assume that f € F.
Similarly to identity (2.2), for any continuous function ¥(s), s € (0, 00),
we write the equalities:

oo

+o0
Lrwe(w-a-w)ar= [ [ swu@iaed = [ v@IRAw+a-ob
o0 (y—a)w=p —

(2.3)

The following problem is investigated in this work:
Problem: Given the function [Rf](w,p) for w € Q, p € (—00,+00), find
f(y), y € E,\OGy, where f € F.

3 The case of odd n in the Radon transform inversion
problem (n =2m + 1)

Here, we will need the following identities, as provided, for example, in

[2].

/ € wldw = ua(6), € EEy, (3.1)
Q
IB B 24 /7-‘-7171
T )

not -n
(A2)"2 |y —z|=Bonly— 2", n>3, (3.2)
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2"I'(1.5)0 ( 2 )F(%) A
52,n— (2 ) ( 1) )
Ax/‘f(y‘)nQ Y= Bonf(z),x €ENIGo, n=3  (33)
G
ﬁgn:(Q—n)W-2.
’ I'(3)

Note that these identities hold true for both even and odd n.

Theorem 1. If f € F, n=2m+ 1, m = 1,..., then for all x € E,\0G),
the equality holds:

400
Ba- f(z) = (Ag)"F / / PR, p + 2 - w)dpdo, By £0 (1)

Q —oo

Zoxasameavcmeo. Consider the function

//f ) - wldydw, x € E,\0Gy (3.5)
Using the identities (2.3) for the function ¢(s) = s, s € (0, +00), we obtain
Uiia) = [ [ pllRfw.p+ - w)dpd (3.6

Q —oo

Now, let’s transform Uj(z) in a different way. Changing the order of
integration in the right-hand side of equality (3.5) and considering the identity
(3.1), we can write

2) = Bin / F@)ly — zldy.
G

Next, we apply the operator (Ax)%1 to this equality. Using identity (3.2),
we derive the property

(Ax)%l Ui(x) = Bin - Bon / |y‘f(f|),12dy (3.7)
G

Now, applying the operator A, to both sides of the latter equality and
using property (3.3), we obtain
n4l
(Azp) 2 Ul (l‘) — Bl,n : 52,71 . B3,nf($) (38)
In (3.8), let By, = Bin - Po,n - P3,n, and represent the function U;(z) using
expression (3.6). As a result, we obtain equality (3.4). The theorem is proven.

O
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Remark 1. It is worth clarifying that the presented proof is analogous to
a segment of the proof of the inversion formula in [2]. In our notation, the
formula in [2] takes the form

n

2(2mi)" () = (A,)"7 / Rf](w, 7 - w)dw. (3.9)
Q

Now let’s compare formulas (3.4) and (3.9). We can see that equality
(3.9) contains one less integral than equality (3.4). The power of the Laplace
operator in (3.9) is also smaller than in (3.4). In other words, finding the
function f(x) using (3.9) is a simpler operation than a similar deduction
using (3.4). However, equality (3.9) is proven for smooth functions, while
equality (3.4) holds true for discontinuous functions as well. Thus, it can be
said that formulas (3.4) and (3.9) have their own merits and drawbacks.

4 Inversion of the Radon transform for even n (n = 2m)

Here we will use the following identities [2].

/ln (y — ) wldw =y n(Inly —z[+vn), zyekE, we, (4.1)
Q

24/
Y,n = W, Yo,n # 0,
n—2 _
(Az) 2 Inly — x| = vy — >, (4.2)
2" 202 (% n=
2_7,52)(_1)227 ’I’L}?), l‘aye]Env

A, / fy)Inly — z|dy =27 f(x), x€E,\0Gy, n=2. (4.3)
G

Theorem 2. If f € F, n =2m, m = 1,..., then for all x € E,\0G), the
equality holds:

Y2m =

+oo
e f@) = B)F [ [ wblRAwp+ o wdpdo, 0 £0. (@4)
Q —oo
Loxasameavcmeo. We define the function:

%@Z//ﬂwmw—@wmmthMW% (4.5)
G Q

We change the order of integration in the right-hand side of the last
equality and use identities (2.3) with ¢(s) = Ins. Then we obtain:
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Vata) = [ [ )]y~ o) wldydo = [ flmprmf](w,pw-w)dpdw
QG Q —oo

(4.6)

For the same function Us(z), we give another representation. We transform
the inner integral in equality (4.5) using identity (4.1):

Un() = / F(8) (im Iy — 2] + Y0) dy (4.7)
G

Next, the cases n = 2 and n > 2 are considered separately. For n > 2
n—2
we apply the operator (A;) 2 to equality (4.7) and using identity (4.2), we
obtain

n—2
(A:r) 2 UQ(Z') = ’71,n'72,n/|:l/f(g|)n_2dy (48)
G
From here, using identity (3.3), we derive

(A$)§ U (33) =Yn - V2mn '73,nf<x)7 Y3n = 63,71- (49>
Let’s denote vy, = Y15 - Y2,n - 73,n and compare equalities (4.9) and (4.6).
As a result, we obtain the identity (4.4).
Now, let n = 2. Applying the operator A, to (4.7) and using identity
(4.3), we write:

AyUs(z) = m2 - 27 f(z) (4.10)

Let’s denote 712 - 2mr = 72 and compare (4.10) and (4.6). As a result,
we obtain the equality (4.4) for the particular case n = 2. The theorem is
proven. O

Remark 2. For even n, the classical inversion formula takes the form:

2 7 2
i @) = (3)"F [ [ alp = ol IR A (0.11)
Q —o0

Let’s compare the inversion formulas (4.4) and (4.11). Each of them involves
the same order of integration and differentiation. However, to derive the
equality (4.11), it is necessary to assume that the function f(y) has continuous
and bounded derivatives up to second order. For formula (4.4), it is sufficient
to require that f(y) is piecewise continuous in the Holder sense. Hence, we
can conclude that formula (4.4) is more valuable for applications than (4.11).

The work was carried out within the framework of the state task of the
SB RAS (project FWNF-2022-0009).
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