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Abstract

In 1986 Y. Nievergelt suggested a simple formula which allows to re-
construct a continuous compactly supported function on the 2-plane from
its Radon transform. This formula falls into the scope of the classical
convolution-backprojection method. We show that elementary tools of frac-
tional calculus can be used to obtain more general inversion formulas for
the k-plane Radon transform of continuous and LP functions on R"™ for all
1 < k < n. Further generalizations and open problems are discussed.
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1. Introduction

Inversion formulas for Radon transforms of different kinds are of great
importance in mathematics and its applications; see, e.g., [2, 4, 7, 10, 11,
18, 20, 21, 24, 29], and references therein. Since many of them are pretty
involved or applicable under essential restrictions, every more or less ele-
mentary inversion algorithm deserves special consideration. In 1986, Yves
Nievergelt came up with the paper [12], entitled “Elementary inversion of
Radon’s transform”. His result can be stated as follows.
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THEOREM 1. Let

1/(ma?) if |t| < a,

Galt) =4 L (1)
. — R
Ta 1—a?/t?

a > 0. Any continuous compactly supported function on the 2-plane can
be reconstructed from the Radon transform over lines in this plane by the
formula

a—0 T

f(z,y) = lim / / (Rf)(t — xcosa — ysina, a) Gy (t) dt do,  (2)

where the double integral on the right-hand side equals the average of f
over the disc of radius a centered at (z,y).

Formulas (1) and (2) indeed look elementary. The following questions
arise:

1. What is the basic idea of the Nievergelt’s method from the point of
view of modern developments?

2. Whether this method is applicable to more general k-plane Radon
transforms on R” for all 1 < k < n and arbitrary continuous or LP functions,
satisfying minimal assumptions at infinity?

In the present article we apply elementary facts from fractional calculus
[25] to answer these questions and indicate possible generalizations.

It is worth noting that Y. Nievergelt’s inversion formula is based on the
relation

Wao s f = R (wa * Rf), (3)

where * is the convolution operator, R* is the backprojection, w, is a delta-
sequence, and W, = R*(w,). As it was explained in [11], the relation (3) is a
basis of various inversion algorithms, cf. [8, 9]. Our interest in generalization
of (2) is purely theoretical and no claim about practical importance of the
results is made. However, it is felt that the elementary use of operators of
fractional integration might appeal to the applied mathematician as well.

Notation and main results. Let G, ; and G, be the affine Grass-
mann manifold of all non-oriented k-planes 7 in R”, and the ordinary Grass-
mann manifold of k-dimensional subspaces ( of R™, respectively. Given
¢ € Gy, each vector x € R™ can be written as z = (2/,2”) = 2’ + 2" where
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2’ € ¢ and 2 € ¢, ¢+ being the orthogonal complement to ¢ in R™. Each
k-plane T is parameterized by the pair (¢,2”) where ¢ € G, and 2" € (.
The manifold G, , will be endowed with the product measure dr = d¢dz",
where d( is the SO(n)-invariant measure on Gy, , of total mass 1, and dz” de-
notes the usual volume element on (. We write Cy = Co(R™) for the space
of continuous functions on R” vanishing at infinity; o,,_; = 27™/2/T'(n/2)
denotes the area of the unit sphere S*~1 in R".

The k-plane transform of a function f on R™ is a function f on G, 1
defined by

f(T) = /Cf(x/ + .’L'//) d.f/, T = (C: $”) S gn,k' (4)

This expression is finite for all 7 € G, if f is continuous and decays like
O(|z|=*) with A > k. Moreover [24, 27, 29], if f € LP(R"), 1 < p < n/k,
then f(r) is finite for almost all planes 7 € G, . The above-mentioned
bounds for A and p are best possible.

Following [23], we define the wavelet-like transform

|z — 7]

Wioe =5 [ emu() e az0 @

where |z — 7| denotes the Euclidean distance between the point z € R™ and
the k-plane 7.

THEOREM 2. [23, Th. 3.1] Let f € L, 1 <p <n/k, and let (|- |) be
a radial function on R™, which has an integrable decreasing radial majorant.
If w is a solution of the Abel type integral equation

C7“2_n/ Sn_k_lw(s)(T‘Q—SQ)k/2_l ds=1(r), C:Uk:—l O'n—k—l7 (6)
0

then
Wi Pa) = [ 1= au)iol) do (m

and therefore,
lim (W5 f)(x) = Mf(x), A= / ¥(|l) dz. (8)
a— Rn

The Iimit in (8) is understood in the LP-norm and in the almost everywhere
sense. If f € CyN LP for some 1 < p < n/k, then (8) holds uniformly on
R™.
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This theorem is a core of the convolution-backprojection method for the
k-plane Radon transform, and the most difficult task is to choose relatively
simple functions w and 1 satisfying (6). The crux is that the left-hand
side of (6) has, in general, a bad behavior when r — oo. Hence, to achieve
integrability of 1, the solution w must be sign-changing.

Our first observation is that the essence of Y. Nievergelt’s Theorem 1
can be presented in the language of Theorem 2 as follows.

THEOREM 3. Let k=1,n =2,

1 ifo<r<i,
w“”‘{o it r> 1. ©)
Then (6) has a solution
1 ifo<r<l,
wr) =911 irrs, (10)
r2—1
such that for every compactly supported continuous function f on R?,
Wiiw) = [ fa-apd, (1)
lyl<1

where W is the wavelet-like transform (5) generated by w.

For the convenience of presentation, we will keep to the following con-
vention.

DEFINITION 4. The convolution-backprojection algorithm in Theorem
2 will be called the Nievergelt’s method if 1 is chosen according to (9).

Of course, Theorem 2 deals with essentially more general classes of func-
tions than Theorem 1, however, the main focus of our article is different:
we want to find auxiliary functions ¥ and w, having possibly simple analytic
ExTPTesSLoN.

THEOREM A.

(i) The Nievergelt’s method is applicable to the X-ray transform (the
case k = 1) in any dimension. Namely, if 1) is chosen according to (9), then
(6) has a solution

1 if 0<r<1,

1 (12)
—/ VAL (=) 2y if > 1,
wr(y)
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and inversion formula (8) holds.
(ii) If k > 1, then Nievergelt’s method is inapplicable.

An integral in (12) can be expressed through the hypergeometric func-
tion and explicitly evaluated in some particular cases; see Section 2.2. For
instance, if n = 2, then (12) is the Nievergelt’s function (10).

To include all 1 < k < n, we modify the Nievergelt’s method by choosing
¥ (r) in a different way as follows.

THEOREM B. Let

0 if 0<r<1,
o >

¢ > 0. Then the corresponding function (| - |) has a decreasing radial
majorant in L'(R™) and (6) has the following solution:

(i) In the case k =20; £ =1,2,... :

0 if0<r<lt,
w(r) = Cr, o y (14)
cor? T L d 7(7“ —1) if r>1
2r dr r26+3 ’
o I'(n/2—1)
‘T T(n/2)
(ii) In the case k =20+ 1; £ =0,1,2,... :
0 if 0<r<1,
w(r)= 0+1 2 £+41/2 (15)
Gp 3t 1 d 701 —nY if r>1
2r dr r20+2 ’

_ T((n-1)/2-0)0
“ T T(n/2)T((+3/2)

In both cases the inversion result in Theorem 2 is valid.

Theorems A and B are proved in Sections 2 and 3, respectively.
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Possible generalizations.

1°. The convolution-backprojection method is well-developed in the
general context of totally geodesic Radon transforms on spaces of constant
curvature. Apart of R™, the latter include the n-dimensional unit sphere
S™ and the hyperbolic space H"; see [1, 22, 23]. As above, the key role
in this theory belongs to a certain Abel type integral equation and the
relevant sign-changing solution w. Moreover, passage to the limit in (8)
as a — 0, can be replaced by integration in a from 0 to oo against the
dilation-invariant measure da/a. This leads to inversion formulas, which
resemble the classical Calderén’s identity for continuous wavelet transforms
[3]. The corresponding wavelet function is determined as a solution of a
similar Abel type integral equation; see [1, 22, 23] for details. In all these
cases analogues of Theorems A and B can be obtained. We leave this
exercise to the interested reader.

2°. Unlike the classical k-plane transforms on R™, the corresponding
transforms on matrix spaces [5, 15, 16, 17] are much less investigated. To
the best of our knowledge, no pointwise inversion formulas (i.e., those, that
do not contain operations in the sense of distributions) are available for these
transforms if the latter are applied to arbitrary continuous or LP functions
(p # 2). One of the reasons of our interest in Nievergelt’s idea is that it
might be applicable to the matrix case. Moreover, as in 1°, it may pave the
way to implementation of wavelet-like transforms in the corresponding re-
construction formulas. We plan to study these questions in our forthcoming
publication.

2. The case k=1

2.1. Proof of Theorem A

We will be dealing with Riemann-Liouville fractional integrals

(20)0) = o [ w=olg)do @z (o)

Changing variables, we transform the basic integral equation

CTz_n/O Sn—k—lw(s)(TQ_SQ)k/2—l dS:dJ(T), c= M’ (17)

On—1
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(cf. (6)) to the form

where

5 /21

B = w0 PP, ) = vV (19)

Suppose that 1 is defined by (9). If 0 < u < 1, then, by homogeneity,

Bu) = du=R2=1 2I'(n/2)

PR

¢ being the constant from (17). Hence, for u > 1, we necessarily have

k/2 - _ 1 ! 1 (n—k)/2—
(Ilﬁw)(u)_—r(k/Q)/O (u — v)F/ 21y =R)/2=1 gy (21)

If £ > 2, this equation has no solution w € Llloc(l7 00), because, otherwise,
we get
lim (I.h.s) =0, li h.s) = t#£0.
;EE{L( s) xE{lJr(T s) = const #
This proves the second statement in Theorem A.
Consider the case k = 1. If 0 < u < 1, then @w(u) = u® D271 Ifu > 1,
then, setting wo(u) = D721 from (21) we get

u
(IllJ/rQ[ﬁ) —wol)(u) = \} (u— v)_1/2v("—1)/2—1 dv
T Jo
= —Cn un/Q*l, cn — M

T(n/2)

This gives

w(u) = wo(u) — . d/ (u—v)" Y22y
1

or (set f1u = fou - fol)

1
w(u) = —26\/"7? /0 (u— )32 21 gy,



50 E. Ournycheva, B. Rubin

Thus, if I&f@ = z,Z, then, necessarily,

u(n—1)/2-1 if0<u<l,
ww=g (22)
—— T2 if u> 1.
NG v) %Y dv ifu>

One can readily see that function (22) is locally integrable on (0,00). Let
us prove that it satisfies (1) 172 w)(u) = ¢(u) for all u > 0. Tt suffices to show
1/2 :0Whenu> 1. We have Il/szll—IQ,where
0+

that (I} w
I = \F/ ~1/2(n-1)/2-1 gy,

1
I, = 27T 1 (u v)~ 1/2dv/0( v—5) 73221 s,

Both integrals can be expressed in terms of hypergeometric functions. For
I, owing to 3.197 (3) and 9.131 (1) from [6], we obtain

—1/2 _ _
I, - U B n 1’1 I E’n 1;n+1;1
T 2 27 2 2 u

-0 ey Lt 1
= e ey (L) )

For I, changing the order of integration and using [6, 3.238 (3)], we have

CN\1/2 1 n/2-1 01 _ o\—1/2
I — cn (u—1) / s (1—y9) s,
0

™ u—3S

By [6, 3.228 (3)] this expression coincides with (23).

To complete the proof, we recall that w(r) = r>~™b(r?), which gives

1 ifo<r<i,
’LU(T) = c 7037n 1
n

N

This coincides with (12).

(r2 —0) 322 gy i > 1.
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2.2. Examples

Let us give some examples of functions w(r) defined by (12) in the case
r > 1. By [6, 3.197(3)],

_ I'(ln—=1)/2)r7" 3 nn 1
W) = =5 ATz (2’ 3ig Tl 2) :

Keeping in mind that F(a,b;c;z) = F(b,a;c; z), and using formulas 156,
203, and 211 from [19, 7.3.2], we obtain:

For n = 2:
1 3 1 r
w(r):—WF<2, ;2 2)—1— = (24)
For n = 3:
1 3 3 5 1 2 1 1
= F |5 55 5 =*< in - — ) 25
W) =35 A T5/2) (2 2’ 2 r2> FlaresinZ——m—=)- (25)
For n = 4:
1 3 1 2r2 — 1
=——F (5,23 5 )=1- "0 26
U}(T) 87’4 <27 y ”I“2> o 7’2—]. ( )

3. The general case

As in Section 2.1, our main concern is integral equation (17), which is

equivalent to
k/2 - 7
%% = 9, (27)
- Qun/2—1

w(u) = u NP w(Va),  Pu) = T (/2) v(Vu). (28)

We want to find relatively simple functions w and 1, which are admissible

in the basic Theorem 2 and such that the corresponding functions w and

1 obey (27). It is convenient to consider the cases of k£ even and k odd

separately.

3.1. The case of k£ even

Let k=2¢; £=1,2,.... We choose
0 if 0<r<1,

w(T’) = (7“2 . l)f

rerr >l
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The corresponding function x — 1 (|z|) obviously has a decreasing radial
majorant in L*(R"™). By (28), equation (27) is equivalent to

Cyp\uU — ¢ n —
(I, @) (w) = W o = W u>1.  (30)
The ¢th derivative
e (u— 1)° (0) ¢ } ‘
i) = S50 e X (0) - 010w men @y

J=0

is integrable on (1, 00). The fact that (31) satisfies (30) can be easily checked
using integration by parts. Thus, the pair of functions w(r) and ¥(r),
defined by

0 if 0<r<l1,

1 d\‘[(r2-1)
corit-mn < ) [(T ) ] if r>1,

2r dr r20+3

w(r) = (32)

and (29), falls into the scope of Theorem 2 and the “even part” of Theorem
B is proved.

3.2. The case of k£ odd

Let k=20+1; £=0,1,2,.... We define ¢(r) by (29), as above. Then,
instead of (30), we have

e (u—1)° n— -
(I @) (u) = W ) = L r(r%? 6), u>1. (33)
This gives w(u) = g1 (u), where
c uu_,v—l/Zv_lé ~ u_1€+1/2
g(u) = 7% ) ( )044-3/(2 Lo = ce : ueJ)rl ;
. T((n-1)/2-0)0
“ T T(n/2)T(C+3/2)

(use [6, 3.238(3)]). Let us show that w(u) = ¢+ (u) satisfies (33). Inte-

grating by parts, we have Iﬁl/zﬁ) = I%J/rzg’, where

(C+1/2) (u—1)Y2 (04+1) (u—1)H12

ult T S

g'(u) = dgd(;) =0y
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This gives I 1"/%® = & (I — I) where (use [6, 3.238(3)] again)

oo+ “W—vﬁ”%v—npval_F@+3ﬂ)@—l¥

RV vt v 14 ubti/2’

5 = (4+1 (% (u—v)" V2 (v —1)F1/2 o — T(0+3/2) (u— 1)1

2= 7 02 v= 7 w372
Hence,

L(+3/2) (u—1)°

hi-I= 0 utt3/2

and therefore,

etz @l(+3/2) (w—1)" , (u—1)"
(L1 " w)(u) = /1 432 = WEEYOR

as desired. Thus, functions w(r) and v (r), defined by

0 if 0<r<l,

w(r) = 2+1 2 q1\+1/2 (34)
Gl (1 d) [(r L) ] if r>1,

2r dr r2t+2

and (29), obey Theorem 2. This completes the proof of Theorem B.
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