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A variational method using fractional order Hilbert spaces for
tomographic reconstruction of blurred and noised binary
images

M. Bergounioux E. Trélat *

Abstract

We provide in this article a refined functional analysis of the Radon operator
restricted to axisymmetric functions, and show that it enjoys strong regularity prop-
erties in fractional order Hilbert spaces. This study is motivated by a problem of
tomographic reconstruction of binary axially symmetric objects, for which we have
available one single blurred and noised snapshot. We propose a variational approach
to handle this problem, consisting in solving a minimization problem settled in adapted
fractional order Hilbert spaces. We show the existence of solutions, and then derive
first order necessary conditions for optimality in the form of optimality systems.

Keywords: Radon operator, fractional order Hilbert spaces, minimization.

1 Introduction

Our study is motivated by a physical experiment led at the CEA! that consists in re-
constructing a three-dimensional binary axially symmetric object from a single X-ray
radiography which is moreover blurred and noised. The behavior of some heavy material
is studied during an implosion process, and a single radiography is performed during the
implosion. At some specific moment, a very brief flash of X-rays is fired from a punctual
source through the object and arrives at a detector. Since the object is very dense, X-rays
must be of high energy, and many drawbacks appear in practice, causing a high level of
blur and noise on the radiograph.

We stress on the fact that we have available only one radiography and thus, in turn,
classic methods of tomographic reconstruction used in medicine, optics, geophysics, etc,
which are requiring the knowledge of many projections of the object (taken from different
angles), do not apply to our context. Furthermore, the objects under consideration are
composed of one homogeneous medium, and of some holes. In the mathematical modeling
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of the problem, this feature turns into a binary constraint which is difficult to handle, and
only few results exist in that direction.

It is assumed that, during the implosion, the shape of the object remains axially
symmetric, so that, in theory, a single snapshot is enough to reconstruct the whole object.
Moreover, since the source is quite far from the object, it is assumed that X-rays are
parallel and orthogonal to the symmetry axis of the object. It follows that the Radon
transform has a nice expression, derived hereafter. Recall that the aim of radiography is
to measure the attenuation of X-rays through the object. Every point of the radiograph,
determined by cartesian coordinates (y, z), corresponds to a measure of this attenuation,
and the Radon transform of the object is defined by the projection operator

(Hot)(y, 2) = /R a(e,y, 2)dr, (1)

where the function @ (with compact support) denotes the density of the object, and x is a
coordinate along the rays. Since the objects under consideration are bounded and axially
symmetric, we make use of cylindrical coordinates (r, 8, z), where the z-axis corresponds to
the symmetry axis. Then, setting u(x,y, 2) = u(\/2? + y2,2) and Hou = Hyu, we arrive

at
+oo r

(Hou)(y,2) = 2/ u(r, z2) ————=dr, (2)
v r?—y?

for all y,z € R. In the sequel we adopt the following notations and conventions. We
assume that the set of density functions is the set of bounded variation functions on
R* x R, having a compact support contained in the subset Q = [0,a) x (—a,a) of R?
where a > 0 is fixed, and taking their values in the binary set {0,1}. In particular, the
upper bound of the integral in (2) can be set to a. Notice that, for every density function
u, the function Hou is of compact support contained in ; = (—a, a)?.

It has been shown in [1] that Hy extends to a linear continuous operator from L?(Q2)
to L?(2;). However, inverting the operator Hy requires more differentiability, and it turns
out that H, ! cannot be extended to a continuous operator from any space LP(Q;) to
any space L9(02).2 This property illustrates the fact that the problem is ill-posed, and
the operator is bad-conditioned. Hence, applying the inverse operator to the radiography
causes significant errors and leads to a bad reconstruction of the object.

Moreover, as mentioned formerly, due to many drawbacks in the physical experiment,
the resulting radiography may be strongly blurred and noised, and actually what we
observe on the radiography is

Vg = BH, ou + T,

that is, the projection of the density of the object, which is moreover blurred and noised.
Here, B is a linear operator representing the effect of the blur. Usually, it is assumed
in practice that B is the convolution with a positive symmetric kernel K with compact
support and such that [ Kdp = 1, and that 7 is an additive Gaussian white noise of zero
mean. In the sequel, we set H = BHj.

21t can however be extended to a continuous linear operator from the Sobolev space W'2(Q1) to L*(€).



To deal with this ill-posed problem, we have proposed in [1] a regularization process
based on a variational approach. More specifically, let BV (§2) denote the space of bounded
variation functions, defined as the space of functions v € L'(2) whose distributional
gradient Du is a finite vector Radon measure, satisfying

/udivg@dazz—(Du,@:—/go-d(Du):—/cp-aud|Du|,
Q Q Q

for every ¢ € C1(Q,R?), where C1(©2, R?) denotes the space of continuously differentiable
vector functions of compact support contained in 2, and where o, : Q — R? is a |Dul-
measurable function satisfying |o,| = 1 almost everywhere on Q. The total variation of
u € BV(Q) is then defined as the total variation of the Radon measure Du, that is, by

<1><u>=sup{ [ ut@yaivota) do | o € R, ol <1}= | 1pul = 1puje.

Endowed with the norm |lu||py = |Ju||;1 + ®(u), the space BV (Q2) is a Banach space.
Since Q = [0,a) X (—a,a) is bounded and 0N is Lipschitz, functions of BV (2) have a
trace of class L' on the subset

I'={a} x (—a,a) U [0,a) x {—a} U [0,a) x {a} (3)

of 99, and the trace mapping T : BV (Q) — LY(I') is linear and bounded (see [12]). The
space BVy(Q) is then defined as the kernel of T'. It is the space of bounded variation
functions on ) vanishing on I', and since T is bounded, it is a Banach space, endowed
with the induced norm.

Let vy be the projected image (observed data), and let o > 0. Assume that vy €
L?(©). Since H = BHy is a linear continuous operator from L%(Q) to L?(€), we have
considered in [1] the problem of minimizing the functional

1
wr— 5 |[Hu - vall7zq,) + a®(u)

over all functions v € BV (Q) satisfying u(x) € {0,1} almost everywhere on €. Solutions
of that minimization problem can then be proposed as a tomographic reconstruction in
our problem. Using a penalization procedure to tackle the nonconvex constraint, we have
proposed some numerical methods that however do not provide very satisfactory results,
due to the fact that we do not take into account the deep regularity properties of the
projection operator.

The Radon transform and its regularity properties have been investigated in a large
number of works (see e.g. [4, 5, 6, 10, 13, 14, 15, 16, 17, 18, 19, 22, 24, 25] and the references
therein), where range characterizations of the Radon transform and their potential appli-
cations to tomography are described. Regularity properties are in general derived in the
spaces LP; however, as mentioned above, in our tomography problem the use of Lebesgue
spaces does not lead to satisfactory practical results, which incites to derive stronger reg-
ularity features, taking into account the specific expression of the Radon transform, so as
to propose a minimization problem settled with a more adapted norm.



In the present article, we provide a refined functional analysis of the Radon projec-
tion operator Hy defined by (2), and show that it enjoys strong regularity properties in
fractional order Hilbert spaces (Section 2). In turn, we propose in Section 3 a modified
minimization problem settled in adapted fractional order Hilbert spaces. We show the
existence of solutions, and, using a penalization procedure to deal with the nonconvex
binarity constraint, we derive first order necessary conditions for optimality in the form
of optimality systems. Since many properties of fractional order Hilbert spaces are used
throughout the article, and that not all of them are so standard, we provide in Section 4 an
Appendix, gathering different equivalent definitions and characterizations of those spaces,
defined on R™ or on some bounded subset, in particular in terms of Fourier transform and
fractional Laplacian. The development of algorithms based on the theoretical results of
this article will be the subject of investigation of a next work.

2 Functional analysis of the projection operator

2.1 Preliminaries

Recall that the densities of the objects under consideration are represented by bounded
variation functions defined on the set Q = [0,a) x (—a,a), having a compact support
contained in Q, and taking their values in {0,1}.

For every function u € BV (2), the projection operator is defined by

a

Hou)(y,z) =2 u(r, 2 S
(o), 2) =2 | )
for |y| < a and |z| < a. Note that (Hou)(y, z) = (Hou)(—vy, 2), for almost all y,z € R.
Notice that, for every u € BV () having a compact support contained in €2, extending u by
0 outside €, the function Hou has a compact support as well, contained in Q; = (—a,a)?.
In this section we investigate the regularity of Hou.

First of all, observe that, for y fixed, the function z — (Hou)(y, 2) is a bounded
variation function on (—a,a), and a stronger regularity property cannot be expected for
such functions u. However, since the function (y, z) — Hy(y, z) is a kind of convolution of
the function u with respect to the variable y, more regularity is expected with respect to
this variable.

dr,

Before stating the main result, we first recall a definition of fractional order Hilbert
spaces.

Let U be an open subset of R™. For k € N, the Hilbert space H*(U) is defined as the
space of all functions of L?(U), whose partial derivatives up to order k, in the sense of
distributions, can be identified with functions of L?(U). Endowed with the norm

1/2

ey = | Do ID%f ey |

18I<k

H*(U) is a Hilbert space. For k = 0, there holds H°(U) = L%(U).



For s € (0,1), the fractional order Hilbert space H*(U) is defined as the space of all
functions f € L?(U) such that

// iz)‘dedy < +o0.
UxU |$ —y[ntes
Endowed with the norm

1/2
1l = (\|f||%2 / / f@) = JWE 4, dy) "
UxU ’»’U*y”” s

H?*(U) is a Hilbert space.

It is possible to define the Hilbert spaces H*(U) in other equivalent ways. In particular,
the relations with the Fourier transform or with the fractional Laplacian operator are
surveyed in the Appendix (Section 4). These characterizations will be used repeatedly
throughout the article.

2.2 Functional properties of the projection operator

The next theorem is our first main result.

Theorem 1. For every u € BV (Q), the function (z,y) — (Hou)(y,z) belongs to the
Banach space BV (1) N LY(—a,a; H¥(—a,a)), for every s € [0,1). Moreover, for every
s €10,1), there exists C > 0 such that, for every u € BV (), there holds

[ Houllpy (,) + [ Houll L1 (—a,0;55 (—asa)) < Cllull Bv(a); (4)
in other words, the operator
Hy : BV(Q) — BV(Q) N L'(—a,a; H*(—a,a))

is linear and continuous. For every s € [0,1), the operator Hy is linear and continuous as
well for the following spaces:

i HO : B%(Q) - B‘/O(Ql) N Ll(_av a; HS(—CL,CL));
e Hy:L'(—a,a; BV (0,a)) — BV () N L'(—a,a; H*(—a,a));
e Hy:L'(—a,a; BVy(0,a)) — BVy(21) N LY (—a,a; H¥(—a,a)).

Moreover, for s = 1/2, the statements above can be strengthened by replacing H*(—a, a)
by the Lions-Magenes space’ H&f(—a, a).

3The Lions-Magenes space Hééz(—a, a) is the subset of functions f € HY/2?(—a,a) such that p~/2f e
L*(—a,a), where the function p is defined on (—a,a) by p(y) = a — |y|. General definitions and properties
of the Lions-Magenes space are recalled in the Appendix, Section 4.2.2.



In the above statement, the Banach space L!(—a,a; BV (0,a)) is endowed with the
norm

/ a2l v 0. dz

—a

The Banach space L (—a, a; BV;(0,a)) is a closed subspace of L!(—a, a; BV (0,a)) and thus

is endowed with the induced norm. Recall that the space BV(€2) is the space of bounded

variation functions of €2 vanishing on the subset I" defined by (3). The space BVy(0, a) is

defined similarly as the space of bounded variation functions on [0, a) vanishing at a.
The Banach space L'(—a,a; H*(—a,a)) is endowed with the norm

/ 10+ 2) 1o -

—a

In the inequality (4), the function Hyu is considered as a function of (z,y) instead
of (y,z). The result means in particular that, for almost every z € (—a,a), the function
y — (Hou)(y, z) belongs to H*(—a,a) for every s € [0,1), and the resulting function of z
is of class L'.

Similarly, every u € L*(—a,a; BV(0,a)) is considered as a function of (z,r) instead of
(r, z); this means that, for almost every z € (—a,a), the function r — u(r, z) belongs to
BV (0,a), and the resulting function of z is of class L! on (—a,a).

Remark 1. It actually follows from the proof below (see Lemma 3 and Remark 3) that
BV(Q) (resp., BVW(2)) is continuously embedded in L'(—a,a; BV(0,a))
(vesp., L' (—a, a; BV (0, a)))-

Remark 2. Theorem 1 and Remark 1 hold as well for the blurred projection operator
H = BHO =K x Ho.

Proof of Theorem 1. Let us first prove that Hp is linear and continuous from L!(Q) into
LY().

Lemma 1. For every u € L'(Q), there holds ||Houl| 11 (q,) < 2mallul| 11 (q)-

Proof of Lemma 1. For every z € (—a,a), one has

a a a r
\(Hou)(y, 2)| dy < 2 / fu(r, 2)] e dr diy,
/a —a \y| /7».2 _ y2

and, using Fubini’s Theorem and the fact that fﬁr — dy = rm, one arrives at
ri—y

/a [(Hou)(y, 2)|dy < 27m/0¢1 lu(r, z)| dr.

—a
Integrating with respect to z, the result follows. O

We next prove that Hy is linear and continuous from BV (Q2) into BV (€;).



Lemma 2. There exists Co > 0 such that ||Houl| gy (a,) < Collullpv(q), for every u €
BV (Q).

Proof of Lemma 2. Using Lemma 1, it suffices to prove the existence of a constant Cy > 0
such that

. (Hou)(y, z) div&(y, z) dy dz < Collull gy () ll€ll e (0,)5
1

for every u € BV(Q2) and every & = (&,&) € CL(,R?). Using Fubini’s Theorem, one
has

/Q (Hou)(y, =) div (y, 2) dy d=

—_ @ a a o % %
— 2/a /a /|y| U(T7 Z)\/m <8y (y7 Z) + 82 (y,Z)) d?“dydz
— a re r o % %

= 2/_a/ u(r7 Z) . \/Ty2 <8y (y7 Z) + az (y72)> dyd?"dz

/ / u(r, z)divo(r, z) dr dz
—/u(r z)divp(r, z)drdz
Q

where the function ¢ = (1, 2) is defined on [0, a] x [—a, a] by

Y, z) dy dr,

rz—2/ ,Tﬁa
Pa(r,2) = 7ﬁ§2y,

An easy computation shows that

pr(r2) =2 [ ——L—ti(y,2) dy
—r re—vy

The function ¢ is of class C', but is not of compact support contained in . Hence,
we must take into account the trace of uw on 0f2. Recall that, since 2 is bounded and
0Q is Lipschitz, functions of BV (Q) have a trace on 9§ of class L', and we denote by
Taq : BV(Q) — LY(09) the corresponding bounded linear trace mapping (see [12]). Using
Green’s formula, one has

/Q u(r, 2) div (r, 2) dr dz = — /

¢ -d(Du) + / (p.v) Toqu dA,
Q o

where v denotes the outer unit normal on 02, and A\ denotes the standard one-dimensional
Lebesgue measure (note that 02 is made of four segments). The first integral is bounded

by
/Q o~ d(Du)| = \ /Q o 0w dlDul| < [lollz=|Dul(Q) < [l s lull v,




and the second integral is bounded by

[ o) Taﬂudx\ < Crllgllieony lull 5y,

where C'r > 0 is the norm of the trace operator Thq. Clearly, there exists C7 > 0 such
that

el Lo @) + 1@l e @) < CrlléllLe(@y)-
The proof follows. O

Lemma 3. Let a < b and ¢ < d be real numbers, let O = (a,b) x (¢,d), and let g € BV (O).
For almost every x € (a,b), the marginal function g* : y — g(x,y) is of bounded variation
on (c,d). Moreover, |Dg|(O) > f; |Dg”|(c,d) dx.

Remark 3. It follows from this lemma that BV (O) is continuously embedded in the space
Lt(a,b; BV (c,d)). This fact justifies the end of Remark 1.

Proof. The proof of this lemma is actually contained in [6] (see also [12, Theorem 2 page
220]), however since this result is used repeatedly in the proof of the theorem, we provide
a proof for the convenience of the reader.

First of all, since g € L'(0), it follows from Fubini’s Theorem that ¢® € L!(c,d)
for almost every x € (a,b). Recall that W11(O) is dense in BV (O) in the sense of the
intermediate convergence, that is, there exists a sequence of functions g, € W11(O) such
that gj, converges to g in L'(O) and |Dgy|(O) — |Dg|(O) (see e.g. [12]). Note that, since
gk € WH1(0), there holds Dgy, = Vg;, and |Dgi|(0) = [, [|Vgr(x,y)|| dz dy.

From this result, we deduce two properties.

First, we infer that there exists a subsequence (gf; (k)) of the sequence of functions
g%+ y — gi(z,y) that converges to ¢g* : y — g(z,y) in L'(c,d), for almost every = € (a,b)
(with ¢ independent on z). Indeed, since gi converges to g in L'(O), denoting hy(x) =
fcd lgk(x,y) — g(x,y)|dy, it follows from Fubini’s Theorem that

b b d
/ () = / / (@) — g y)| dy dz — 0,

i.e., hy converges to 0 in L!(a,b). Therefore, there exists a subsequence of (hy,) converging
almost everywhere to 0 on (a,b). In other words, a subsequence of (gj) converges to g* in
LY(c,d), for almost every z € (a,b).
Second, we infer that
liminf |Dgg|(e, d) < 400,
k——+o0

for almost every = € (a,b). Indeed, we have |Dgx|(O) — |Dg|(O), and

b d
Dgil(0) = /O IV gu(e,y)| de dy > / /

Note that the latter equality holds because, since g, € W11(0), it follows from Fubini’s
Theorem that, for almost every x € (a,b), the function gi belongs to Whl(c,d), and thus

agk b T
Ty(x’y) dydr = [ [Dgil(c,d)dz.




in particular its total variation is [Dgf|(c,d) = fcd %(z,y)‘ dy. From Fatou’s Lemma,

dy
the function x — lklrn inf | Dgj|(¢, d) is measurable on (a,b), and
— 400

b b
/ llim}_nf |Dgi|(c,d) dz < lkim inf/ |Dgi|(c,d)dx < |Dg|(O). (5)
q 7T —+00 Jq

It follows that l]gm inf |Dgf|(c,d) < +oo for almost every = € (a,b).
——+00

From these two points, we can achieve the proof of the lemma, as follows. Let ¢ €
C}((c,d),R) such that ||1||z= < 1. Then, for almost every z € (a,b),

d d
| @@y =t [z, 0)0' () dy < timint [Dg (e, ) < +oc

k—+oco J.
and therefore ¢g* € BV (c,d). Moreover, integrating this inequality on [a, b] and using (5)
leads to [ |Dg"|(c,d) dz < |Dg|(O). O

In the sequel, we denote by F,v the Fourier transform of an integrable function v :
R x R — R with respect to the first variable, that is,

(F)(€.2) = /R o(y, 2)e~2mE dy,

for all £,z € R.

Recall, for every u € L'(Q), the function Hou is of compact support contained in
Q1. In the lemma below, and in the sequel, @ (resp. HT)—{L) denotes the extension by 0 to
R? of the function u (resp. Hou). Similarly, we denote by Hy the operator defined by
E)u = IEIEL, for every u € L'(9).

Lemma 4. There holds
(F, Hou) (&, 2) = 27 / rii(r, 2)Jo(2mr) dr, (6)
0

for every u € L'(Q), every £ € R and almost every z € R, where Jy is the Bessel function

of the first kind defined by
2 [ cos(tx)
J =— dt. 7
0(33‘) 7_‘_/0 m ( )

The adjoint of fyﬁ; (with L? as a pivot space) is given by

((F,Ho)*v)(r, z) = 27 /R v(€, 2)Jo(2mer) de, (8)

for every v € L*(R?), every r € [0,a) and almost every z € (—a,a).



Proof. Applying Fubini’s Theorem, we compute, for every £ € R and almost every z €
(—CL, CL),

a

(FyHou) (€, 2) = Houly, 2)e 2Ty gy

=2 / / u(r, 2) e 2mYE gy dy
—a Jy| —y
/ / u(r, 2) 72i7ry5dy dr
—r —_ y

! 1 —2iTr
2/0 ru(r,2) /_wlﬁz : tgdi) a
2 2)(ré)d
/0 ru(r, z)0(ré)dr

where

1
ﬁl[fl,l] (t),
and 7 is the Fourier transform of the function v. The function © can be computed using

the Bessel function of the first kind Jy defined by (7) (see [2]). Since v is even, its Fourier
transform is

v(t) =

L cos(2mwt)

o V1—1t2
and the formula (6) follows. Let us now compute the adjoint of .’Fyﬁo, with L? as a pivot
space. For every v € L'(R?) and every u € L°(2), we have

v(w) =2 dt = nJp(27w),

((fy]’ifvo)*v,u):<v,fy%>:/ﬂ§/ﬂ§v(§,z).¢ym(§,z) de dz

~on / / / " i, 2)0(€, 2)Jo(2mer) dr de d
—27r/ /ru - / 2)Jo(2mer) de dz dr

and hence (F,Ho)*v(r, z) = 2rr Jr (&, 2)Jo(2mEr) dE. O

To prove the theorem, we next make use of the asymptotic properties of the Bessel
functions Jy and Ji, where the function Jp is defined by

" 1
Ji(z) = \/?F(3/2)/o cos(tx)\/1 — t2 dt.

Recall that

@l <1 1@ < . (9)
Ty = —h(@), () = dox), (10)

10



for every z € R, and
1

J < — 11
@)l < - (1)
as * — +oo (see e.g. [2]).
Lemma 5. There exists Co > 0 (only depending on a) such that, for every
u € LY(—a,a; BV(0,a)), there holds
Co

(}-y%)(faz) < W

(lu(a)] + llwzll 10,0y + | Duz(0, @) (12)

for every & € R and almost every z € (—a,a).

In the above statement, recall that w € L'(—a,a; BV (0,a)) is seen as a function of
(z,7); in particular, for almost every z € (—a,a), the function r — u,(r) = u(r, z) is of
bounded variations on [0, a), and its total variation is denoted |Du,|(0,a). Also, note that
u;(a) exists for almost every z € (—a,a).

Proof of Lemma 5. Using the formula (6) and the estimate (9), it is first clear that
(FyHou)(§, 2)| < 2malluz|p1(0,0); (13)

for every ¢ € R and almost every z € (—a,a).
From (10), there holds

< (omerJi(2ntr)) = (2mE)Pro(2ncr),

and, using Green’s formula (integration by parts), one gets, for every £ # 0 and almost
every z € (—a,a) (such that u,(a) exists),

(FyHou) (&, 2)

/Oa uz(r)(27r§)2rJ0(27r§1") dr

- 2mE?

a 1 (14)
= —-Ji(2r€a)u;(a) — = rJi1(2m€r) d(Du,)

3 € Jio,a)

and hence, using (11), it follows that

)€ 2)] < s (o) + 1D (0. 0) (19

as [£] — 4o0.
The estimate (12) finally follows from (13) and (15). O

11



We are now in a position to estimate || Houl| 11 (—q,0;5(—a,a))- Using (12), it first follows

that, for almost every z € (—a,a), the H® norm of the function y — (@)(y,z) is
estimated by?

— 1/2
[(How)(+, 2)|| = (m) = </R(1 +&)° |(Fy Hou) (€, 2)|” dé)

1/2
< O (Jus (@)] + s 21 (0.0) + Dz (0, @) ( /R 1+ 52)3‘3/2d§> |

The integral [,(1 + £2)°=3/24d¢ converges if and only if 25 — 3 < —1, that is, s < 1. It
follows that, for almost every z € (—a, a), the function y — (m)(y, z) belongs to H*(R),
for every s € [0,1).

Now, for almost every z € (—a,a), the function y — (Hou)(y, z) is the restriction to
(—a,a) of the function y — (Hou)(y, z) (which is by definition equal to 0 outside (—a, a)).
It then follows from the characterization of fractional Hilbert spaces on a subset by the
quotient norm (see Appendix, Section 4.2.1) that this function belongs to H*(—a,a), for
every s € [0,1), and that, up to some constant, ||(Hou)(-, 2)|| s (=a,a) < |(Hou)(-, 2)|l s (w),
for almost every z € (—a,a). Hence, for every s € [0,1), there exists C3 > 0 such that, for
every u € L'(—a,a; BV(0,a)), there holds

[Hou(:, 2)l| 1+ (~a,0) < C (luz(a)| + Nzl 10,0) + [Pzl (0, a)) (16)

for almost every z € (—a, a).

As a byproduct, note that the function y — Hyu(y, z), defined on (—a,a), can be
extended (by 0) to a function of H*(R), for every s € [0,1), for almost every z € (—a,a).
It follows from [26, Lemma 37.1] (see results recalled in Appendix, Section 4.2.1) that the
function y — p(y)~*Hou(y, z) belongs to L?(—a,a), where p denotes the distance to the
boundary of (—a,a), that is, p(y) = a — |y| for every y € (—a,a). In turn, for s = 1/2, the
function y — Hou(y, z) belongs to the Lions-Magenes space HééQ(—a, a) (see Appendix,
Section 4.2.2), for almost every z € (—a,a).

Integrating (16) with respect to z leads to

a a

lu(a, 2)| dz + [[ul| L1 (q) +/

—a —a

||HOUHL1(—CL,(1;HS(—a,a)) < 03 </ ]Duz|(0,a) dZ) . (17)
This inequality implies the remaining items of the theorem.

Indeed, let us first consider functions u € BV (). It has already been mentioned that
the trace operator is continuous from BV (Q) into L'(99), hence it follows that

[ uta2)1dz < Culullsvi (19

—a

“Here, we use the definition of the H*® norm in terms of Fourier transform, recalled in the Appendix,
Section 4.1.1.
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for some constant C4 > 0. Moreover, from Lemma 3, there holds

/a |Du|(0,a) dz < |Du|(£2). (19)

—a

The estimate (4) follows from (17), (18), (19), and Lemma 2.
The other items follow similarly. This ends the proof of the theorem. O

Theorem 1 states a strong functional property of the projection operator, which is
however not very suitable in view of a variational approach. In order to derive necessary
conditions for optimality, it would be better to establish functional properties of Hy in
some Hilbert spaces. This is the object of the next section.

2.3 Hilbertian functional properties of the projection operator

We have already mentioned that we handle functions of bounded variation on €2 that
take their values in {0,1} almost everywhere. Denote by BV (£2,{0,1}) the set of such
functions. First of all, notice that such functions belong to L!(—a, a; BV ([0,a),{0,1})),
as already mentioned in Remarks 1 and 3; they also share the following property.

Lemma 6. For every u € BV (Q,{0,1}), the function (z,7) — u(r,z) belongs to the
Banach space L'(—a,a; H*(0,a)), for every s € [0,1/2).

Proof of Proposition 6. Let u € BV (Q,{0,1}). As mentioned above, from Lemma 3, the
function u, : r — wuy(r) = u(r,z) is of bounded variation on [0,a), for almost every
z € (—a,a). Since u, takes its values in {0, 1}, its set of discontinuities is finite. It follows
that, for almost every z € (—a,a), there exist an integer n, and real numbers (o;)1<i<n, ,

(Bi)1<i<n, satisfying
OSa<fi<az<fy< <o <fB<q
such that

0 = 3 s (), (20)
=1

for almost every r € [0,a). Note that the total variation of the function w, is f[o o) |Du,| =
2n,. From Lemma 3, there holds

a
/|Du| 22/ n, dz,
Q —a

and hence the function z — n, belongs to L'(—a,a).
The function u, is extended by 0 outside [0,a), into a function u, € L'(R). Using
(20), one easily computes, for almost every z € (—a,a), the Fourier transform of u, as

(FiD)(€) = i Sin(ﬂ-(ﬁ;f_ @;)§) e—im(Bitan,

13



for every £ € R. In particular, there holds

(Fu)(©)] < 18— ail < a, (21)
i=1
for every £ € R, and "
[(Fuz)(§)| < WZ\ (22)

for every £ € R\ {0}. Using the definition of the H* norm in terms of Fourier transform
(recalled in the Appendix, Section 4.1.1), and using (21) and (22), one has the estimate

) = /R (1 -+ €2)°| Fizz (6) [P

- / (1 + &) |Fas () 2de + / (1 + €2)°|Fas ()2
[€]>1

lg<1
2
n

< 2\s d 282d
</£|>1<1+5 )i s+/|£|<1(1+5 Joa2de

which is convergent if s < 1/2. Hence u, € H*(R), for almost every z € (—a,a) and every
s € [0,1/2). Since u, is the restriction of u, to (0,a), it follows, using the definition of
H?*(0,a) in terms of quotient norm (see Appendix, Section 4.2.1), that u, € H*(0,a), for
almost every z € (—a,a) and every s € [0,1/2). Moreover, there exists a constant C' > 0,
depending only on s and a, such that

||u2||H5(0,a) < Cn,.

Since the function z — n, belongs to L'(—a, a), we infer that the function (z,7) — u(r, 2)
belongs to L!(—a,a; H*(0,a)), for s € [0,1/2). O

To comply with the variational approach that we propose next, it would be better to
deal with Hilbert spaces and, for instance, to replace L' with L? in the previous statements.
Unfortunately, we have the following negative remark.

Remark 4. There exist some functions u € BV (2, {0, 1}) such that the function (z,7) —
u(r, z) does not belong to L?(—a, a; BV (0, a)).

Let us provide an example of such a function®. Consider in the plane, endowed with
coordinates (x,y), the unit square [0,1] x [0,1]. We append to this square, on its right
side, the two smaller squares

1 1 1 3
e o[l wa fuoe 2] ]

Then, we apply a similar appending procedure to each of these latter squares, and so forth,
iteratively. We obtain a fractal object (see Figure 1). Then, we claim that the function u

14
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Figure 1: Fractal object

defined on [0, 2] x [0, 1] as the characteristic function of this fractal domain is of bounded
variation.
Indeed, the L' norm of u is the sum of the areas of all squares, that is

+oo . 1 2 +o0 1
Y (4,@) =Y <t
k=0 k=0

To prove that u € BV ([0,2] x [0,1],{0,1}), it suffices to show that the marginal functions
uz 1y — u(z,y) and uy : ¢ — u(z,y) are of bounded variation (see [12, Theorem 2 page
220]). This property is obvious, since for any y the marginal functions u, have at most
one jump, and for every x the marginal functions u, have a finite number n, of jumps.
More precisely,

k

k—1
1 1
k .
ok if 1+ZE<x<1+ZE’ Vk > 1,
=1

n =
v i=1

0  otherwise.
There holds
2 X2k X1
/ nxdx:ZE:ZQT < +00,
0 k=1 k=1
that is, the function z +— n, belongs to L'(0,2), as expected (see Proposition 6 and its
proof), however it does not belong to L?(0,2) since

2 ) ~+00 (Qk)Q +00
/nwdxzz 221:+oo.
0

k=1 k=1

5This example has been indicated to us by Simon Masnou.
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This example shows that the functions considered in our framework, belonging to
BV (9,{0,1}), do not necessarily belong to the Banach space L?(—a,a; BV (0,a)).

In what follows, we are however going to work within this latter space. More precisely,
since our functions vanish on the set I' defined by (3), we are going to work within the
space L?(—a, a; BVy(0,a)). Indeed, this Banach space is better suited for our tomography
problem, because we are able to prove that the projection operator Hy is linear and
continuous from L?(—a, a; BVy(0, a)) into the Hilbert space L?(—a, a; H*(—a, a)), for every
s €]0,a) (see Theorem 2 further). The Hilbert space L?(—a, a; H*(—a,a)) is then far more
suitable for numerical purposes than the Banach space L!(—a, a; H*(—a, a)), and the use of
a scalar product makes easier the derivation of an optimality system (first order necessary
conditions for optimality).

Hence, although the space L?(—a,a; BVy(0,a)) differs from the usual space BVy(),
it happens to be relevant in our problem. Actually, in practice, the binary functions
considered in our imaging process belong to the space L*°(—a,a; BVy(0,a)) (and thus, a
fortiori, to L?(—a,a; BVy(0,a))). Indeed, in practice the functions z + n, are uniformly
bounded with respect to z € (—a, a). Concretely, this means that the number of jumps of
our binary images is uniformly bounded in every direction.

The next theorem, which is our second main result, provides nice functional properties
of the projection operator Hy in this new framework. We first give some notations. Denote
by

X = L*(—a,a; BVy(0,a)), (23)
the set of all functions u € L?(Q) such that the function (z,7) ~— wu(r,z) belongs to
L?(—a, a; BVy(0,a)). Recall that BV;(0, a) is the closed subset of the set of functions f €
BV (0, a) vanishing at a; the total variation, which is a semi-norm, is a norm on BV{(0, a).

It follows that the space X is a closed subspace of the Banach space L?(—a,a; BV (0,a)),
and can be endowed with the norm

fullx = ([ (Dul0.0)% a:) " (24)

—a

Recall that, for s > 0, Hj(—a,a) is defined as the closure in H*(—a,a) of the set
of all smooth functions having a compact support contained in (—a,a). Note that, for
s € [0,1/2], there holds Hi(—a,a) = H*(—a,a) (see Appendix, Section 4). For every
s €10,1), s # 1/2, denote by

Ys = LQ(_a7a§H8(_av a))> (25)

the set of all functions v € L?(€y) such that the function (z,y) — v(y,z) belongs to
L*(—a,a; H§(—a,a)). It is a closed subspace of L?*(—a,a; H*(—a,a)), and, endowed with

the norm
a 1/2
||vuy5=(/ rv<~,z>\|zs(_a,a>dz> | (26)

—a

Y; is a Hilbert space. For s = 1/2, define, similarly, the Hilbert space

Yij2 = L*(—a,a; Hy) (—a, a)). (27)
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Theorem 2. For every s € [0,1), the operator Hy is linear and continuous from X into Ys.

Remark 5. Theorem 2 holds as well for the blurred projection operator H = BHy =
K Ho.

Proof of Theorem 2. Using the reasoning of the proof of Theorem 1, the inequality (16)
implies that, for every u € L?(—a, a; BV(0,a)),

[ Hou(, 2) |l s (—a0) < C3 (lzllz1(0,0) + [ Dz (0, )

for almost every z € (—a,a). Integrating with respect to z the square of this inequality
leads to the result. ]

3 Variational approach for tomographic reconstruction

3.1 Minimization problem in fractional Sobolev spaces

Let vg be the projected image (observed data), and let & > 0. As explained in Section
1, we have proposed in [1] an approach for tomographic reconstruction based on the
consideration of the minimization problem

1
min F(u), with F(u) = §HHU — UdH%Q(QI) + a®(u),
u € BV (Q),
u(r,z) € {0,1} a.e. on .

Note that the pointwise constraint, u(r,z) € {0,1} a.e. on €, is a very hard constraint.
The constraint set is not convex and its interior is empty for most usual topologies.
Based on the functional analysis of Section 2, we propose here to define the functional
to be minimized in another way, according to the regularity properties proved in Theorems
1 and 2. In view of deriving an optimality system and taking benefit of some Hilbertian
structure, we use the results of Theorem 2 and Remark 5, according to which the blurred
projection operator H is linear and continuous from X into Y, for every s € [0,1).
Assuming that vy € Ys (observed data), we are led to consider the minimization problem

1
min Ff (u),  with Ff(u) = o[ Hu - vally, + a®(u),
(P) u € BV(Q)NX,
Jullx <,
u(r,z) € {0,1} a.e. on Q,
where s € [0,1) and « > 0 are fixed parameters, and 1 > 0 is a fixed (large) real number.
The constraint ||u||x < n happens to be necessary in order to derive an existence theorem.

For 7 large enough, this constraint is however not active® and does not change anything
to the above minimization problem.

6As explained formerly, the slices of the binary images treated in practice have a finite number of
connected components, uniformly with respect to the slice; this means that there exists R > 0 such
that ||u||Leo(—a,a;Bvp(0,a)) < 7, for every u in the set under consideration, and this implies the constraint
considered here.
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The parameter o > 0 is the weight of the total variation. This term is a usual regular-
ization term in image processing. In our framework there is however another possibility,
namely, we can replace this term with a regularization term involving the norm of X. In
that case, we rather consider the minimization problem

. . 1 2 « 9
min F5(u), with F5(u) = §HHu —vqlly, + 5”“”)@
(P3) ue X,
u(r,z) € {0,1} a.e. on Q.

Note that, in the latter minimization problem, the use of 7 > 0 is not needed.

Theorem 3. For all s € [0,1), a > 0 and n > 0, the minimization problems (P;) and
(P5) admit at least one solution.

Proof. Let s € [0,1), « > 0 and n > 0 be fixed. Let (u,) be a minimizing sequence
in BV(Q2) N X of the minimization problem (Pj), satisfying |u,|x < n and u,(x) €
{0,1} almost everywhere on Q. Then, the sequences (||Huy, — vg|ly, )nen, (®(un))nen and
(||un||x)nen are bounded, and we deduce three things.

First, the sequence (Huy)nen is bounded in the Hilbert space Y;, and therefore, up
to a subsequence it converges weakly to some w € Yj; in particular, using the continuous
embedding of BV (—a,a) in L?(—a,a), it converges as well to w, up to some subsequence,
for the weak topology of L?(Q1).

Second, the sequence (up)pen is bounded in BV (Q2) N L*°(Q), and hence, up to a
subsequence, it converges to some u € BV () N L>(Q) for the weak-star topology, i.e., up
to a subsequence, (u,)nen converges strongly to some u € L'(Q2) and (Duy,)nen converges
to Du in the space of Radon measures for the weak-star topology.

Third, the sequence (uy,)nen is bounded in X (by n). The space X inherits of the weak
compactness properties of L? and BV; hence, the sequence (uy,),en converges, up to a
subsequence, to some u € X for the weak-star topology, and the lower semi-continuity of
the norm yields the inequality |||l x < 7. In particular, (u,)nen converges weakly to @ in
L?(2), and thus @ = w.

From Theorem 2, the operator H is linear and continuous from X into Y. Hence, up
to a subsequence, (Huy)nen converges weakly to Hu in Ys. It follows that w = Hu.

Since ® is lower semi-continuous with respect to the weak-star topology, there holds

@ (u) < liminf @ (uy).

n—oo
Using the weak convergence, up to a subsequence, of (Huy,)nen to Hu in Yy, we infer that

1
inf F{ = lim <2HHun — ”d”%/s + acb(un)) > ||Hu — UdH%/s + a®(u) = Fi(u),

n—-+4o00

and hence F{(u) = inf F}. Finally, (u,) converges to u in L'(Q), and thus, converges
almost everywhere (up to a subsequence) to u. Hence, the pointwise constraint u(x) €
{0,1} is satisfied almost everywhere, and therefore u is a solution of (Py).

For the minimization problem (P3), the proof is similar but simpler. O
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3.2 Penalization of the binarity constraint

Due to the binarity constraint, u(r,z) € {0,1} a.e. on Q, which is not convex and is of
empty interior for most usual topologies, the minimization problems (P7) and (P3) are
not directly tractable for numerical purposes. To deal with the binarity constraint, we
propose as in [1] a penalization method. Let ¢ > 0, 8 > 0, and let u; be a solution of
(P?), for i = 1,2. Define

1 p _
Fpo(u) = Fy(u) + 27:”“ - UQH%?(Q) + EHU - Uf”%?((z),

for ¢ = 1,2, and consider the penalized minimization problems

min Fy_(u)

ue BV(Q)N X,
[ullx <,
1wl Lo () < 15

(Pie)

and

min F3 (u)

(P3) u€ X,

[ul| Lo (@) < -
Actually in what follows 7 is chosen large enough, and the resulting constraint should not
be active. This constraint is however necessary in order to derive existence results, but
does not affect the numerical process. In the sequel we do not mention the dependence of
the penalized problems (Pf .), i = 1,2 with respect to the parameter 7 that can be chosen
as large as desired but is fixed. A contrario the penalization parameter £ will tend to 0.
The term gHu — |3, () is an additional penalization term permitting to focus, from the
theoretical point of view, on a particular solution @ of (P¢). In practice, the solution @
is of course not known and we choose 3 = 0.

Theorem 4. The penalized minimization problem (772-576) has at least one solution uis, for
i=1,2.

Proof. Let (un)nen be a minimizing sequence of the minimization problem (P7 ). First,
in particular, the sequence (uy)nen is bounded in BV (Q2) and in L*°(2), and thus, up to
a subsequence, converges to some uf . € BV (Q) for the weak-star topology, and hence for
the strong L!() topology. Since it is moreover bounded (by ) in L%°(£2), it follows from
the Lebesgue dominated convergence theorem that the convergence holds for the strong
topology of LP(Q2), for every p € [1,400). In addition, since every closed ball of L>°() is
compact for the L>° weak star topology, we infer that [[uf || < n.

The rest of the proof is similar to the proof of Theorem 3.

For the minimization problem (772875), the proof is similar but simpler. O

Theorem 5. 1. Ewvery cluster point uj in BV (Q) N X of the family (uj.) at e =0 is
a solution of (Pf), and every cluster point us in X of the family (u3.) ate =0 is a
solution of (P3). If moreover B > 0 then u} =, fori=1,2.
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2. There holds il_r)r(l) Fi (uie) = inf F}, and ;gr(l)/ﬂ |Duj .| = /Q | Duj|.

Proof. Since uj € BV(Q) is a solution of (P7), one has Fy_(uf ) < Fy_(u]) = Fy(uf) =
inf F}, for every € > 0. Therefore, the family (uj.) is bounded in BV(Q), and [luj, —
(uf )%l r2(q) tends to 0 as e tends to 0. Let uj be a (strong) cluster point of (uf_) in
BV (2) N X of the family (uf_.) at ¢ = 0. Using the same reasoning as in the proof
of Theorem 4, it follows that u] is a (strong) cluster point of (uj.) in LP(2), for every
p € [1,400). Then,

lui — (ui)?llz20) < lim inf {|uj ; — (uf )? |l r2() = 0,

so that uj(1 — u}) = 0 almost everywhere on 2, which is the binarity constraint. Since
Fi(ur.e) + Bllut . — @3 < Fp.(u5,) < inf Fy, one gets FY (uf) < Fi(uf) + Blluf — a3l <
inf F. Therefore uj is a solution of (P;). In addition, if 8 > 0, then uj = @f. Finally,
since inf Fy = Fy(u*) < F7_(u*) < liminf F7_(u ) < inf F}, (since FY_(uj.) < inf FY}))
it follows that lin(1) F} .(uf .) = inf F}. Moreover, writing

e— ’ ’

1
lim inf F} (uf o) + limsup — [luf . — (u] )*[13
e—0 ’ e—0 € 7 7

. 1 »
<t (Pt )+ Hlod. = . 218) = Fi(u)

< lim iélf Fy(ui ),
E—>

1
it follows that ilir(l] g||uf8 — (uf€)2||% =0, and then that 213% Fy(ui ;) = F7(u7). The con-
clusion follows then from the continuity properties of H.
The proof is similar for the family (u3 ). O

3.3 Optimality system of the penalized minimization problems

This section is devoted to the derivation of first order necessary conditions for the penalized
minimization problems (P;_), ¢ = 1,2. Throughout the section, let s € [0,1), & > 0,7 > 0,
e > 0 and 8 > 0 be fixed. Denote by

v [ BVONX ifi=1,
Tl X if i =2,

O(u) ifi=1,
Ji = 1 .
W=1 Lz iri=e,
2
and

B — { {ue BV(Q)NX | [lullx <nand [Jull o) <n} ifi=1,
K {ue X |||ullpe@ <n} if i = 2.
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For ¢ = 1,2, for every v € V; N B,;, define

1
G*(u) = 5HHU —v4ll3.s
and

S S 1 5 —S
Gie(w) = G*(u) + o flu = 2|70y + Sl = 72 -

With these notations, one has

F(u) = G*(u) + aJi(u),

Ffs(u) = Gf,s(u) + aJi(“)?

for ¢ = 1,2, and the penalized minimization problem (Pf .) is the problem of minimizing the
functional F;’_ over all functions u € B, NV;. Denote by u; _ a solution of the minimization
problem (P;,), for i = 1,2.

The functional F}_ is not differentiable, due to the term J; that involves a total vari-
ation. However the functional G*ZE is differentiable, for ¢ = 1,2, and

VG (u) = VG (u) + ¢=(u) + B(u — aF),

for the pivot space L?, where

g (u) = ) (28)

for every u € V;.

In what follows, we first provide an expression of the differential of G° in terms of
Fourier transform (Section 3.3.1), and then using the fractional Laplacian operator or the
fractional Dirichlet Laplacian operator (Section 3.3.2). Then, using results of nonsmooth
analysis to deal with the nonsmooth character of the functional J;, we derive first or-
der necessary conditions in terms of optimality systems for both penalized minimization
problems (P;.), i = 1,2 (Sections 3.3.3 and 3.3.4).

3.3.1 Computation of VG® in terms of Fourier transform

1
Recall that G¥(u) = = ||Hu — vq||>, with Y, defined by (25) and (27). Using the results
2 Ye

recalled in the Appendix (Sections 4.2.1 and 4.2.2), for every s € [0,1), for every u € Y5,
the function Hu — vg can be extended by 0 to a function of L?(—a, a; H*(R), and its norm
can be computed in terms of Fourier transform, by

G =3 [ [ 1FH = v P+ ) deas

1
= 5”}_?;([{“ - Ud)H%Q(ws)v
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where L?(w;) is the weighted Hilbertian space of all complex valued functions f defined
on R x (—a,a) such that

/’ F(€, 2)[2ws(€) d dz < +oo,
RXx(—a,a)

where
ws(€) = (L +€)". (29)
Setting wy = H!(vq), we get finally
VG (u) = (FyH) ws(FyH)(u — wy), (30)

with L? as a pivot space.

To make this expression more explicit, we next compute the Fourier transform of the
blurred projection operator H. Recall that © denotes the extension by 0 to R? of any
function v and that, from Lemma 4,

(fym)(f, z)=2rm /Oa ru(r, z)Jo(2m&r) dr,

for every u € L'(Q), every ¢ € R and almost every z € (—a,a), where Jy is the Bessel
function of the first kind, and

«aEWmmazwwAwaAM%&ma

for every v € LY(R?), every r € [0,a) and almost every z € (—a,a). As explained in
the introduction, the radiography is blurred, and the blur is modeled by a linear operator
B writing as a convolution with a positive symmetric kernel K (in practice, a Gaussian
kernel) with compact support.

Lemma 7. The Fourier transform of the blurred projection operator H = BHy with
respect to the first variable is

(fme)(fvz) = (ny)<£7 ) *2 (Fy%)(& )(Z)v (31)

for every u € LY(2), every € € R and almost every z € (—a,a), where the notation xs
stands for the convolution product with respect to the second variable. Its adjoint (with L?
as a pivot space) is

((FyBHo v)(r, 2) = (FyHo)*(Fyg %2 v)(r, 2), (32)

for every v € LY*(R?), every r € [0,a) and almost every z € (—a,a).
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Proof. Since B% =K+ (m), one computes

B (&) = [[[ K=oz =9 Hy) . s)e 0y dads

= Hou)(x, s) e 2imée — 2,z — §)e 2ime(y—2) T ds
=[] e e 7 ([ G-z - e 0y ) dra
= //RQ(}"yK)(é,z — 5)(Hou)(z, s) e 2™ dz ds

= [ = ) Ho) €, ds

= (FyK)(&, ) %2 (FyHou)(&, -)(2),

for every u € L1(Q), every ¢ € R and almost every z € (—a,a). Let us now compute the
adjoint. For every v € L'(R?) and every u € L*°(Q), we have

<(fyBH\?))*U,U> = <U7fyBﬁ8{L>

B //R 0(&,2)(Fy BHou)(§, 2) d€ dz

_ / / /R 06, 2)(F (€ = — ) (Fy Hou) € 5) ds d dz
:27T/R/R/a/0 v(&, 2)(FyK) (& 2z — s)ru(r, s)Jo(2mér) dr ds d§ dz

_ /0 ’ / 2mru(r, s) ( / /R 0(6,2)(FK) (& 2 — 8)To(2mér) de dz> ds dr,

and hence, we infer that

(}'yBﬁo)*v(r, s) = 2777"/]R

szner) ([ (F10(€ 2 = o)) d: ) e

Since the kernel K of B is symmetric, it follows that

(FyBHo) v(r, s) = 27”“/RJ0(27T€?“) (FyK)(E, ) x2 v(E;-)) (s) dé.

The formula (32) then follows from (8). O

3.3.2 Computation of VG® in terms of fractional Laplacian
By definition, there holds

s 1 ¢ 2

G*(u) =5 [ I(Hu—=va)(, 2) s (—a,a) 42,

for every u € Y, and every s € [0,1), s # 1/2. For s = 1/2, Hj(—a,a) is replaced with
Hééz(—a, a). Using the results of the Appendix, Section 4.2.3, it follows that, for every
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[ € Hi(—a,a) whenever s € [0,1), s # 1/2, or f € H(%Q(—a,a) whenever s = 1/2, the
norm of f within these spaces is equivalent to

1/2
(L1220 + N=2)"2F 2agzm))

where f is extended by 0 outside (—a,a) (notice that (—A)*2f is not of compact sup-
port). Here, (—A)?® is the fractional Laplacian operator on R", defined, using the Fourier
transform Ff of f, by (=A)*f = F~L(|¢]**Ff) (see Appendix, Section 4.1.2). It follows
easily that -

VG*(u) = R, (id + (~A)*)(Fu — 5), (33)

with L? as a pivot space, where Hu— Uq is the extension of Hu — vg by 0 outside (—a,a),
and Rq, is the restriction to €2;.

Another possibility is to express the differential of G° using the fractional Dirichlet
Laplacian operator A defined in Section 4.2.4. We get, similarly,

VG*(u) = (id + A®) (Hu — vg), (34)

with L? as a pivot space.

3.3.3 Optimality system of (P} )

In this case the regularization term is the total variation semi-norm. First of all, recall the
next result of [8] that will be used to tackle the nonsmooth character of the total variation,
and then to derive optimality conditions for the penalized problem Py ..

Theorem 6 ([8, Theorem 2.3]). Let A be a Borelian subset of R™. Let u € K N BV (A)
be the solution of

min J (u) + a/ | Dul,
A
we K NBV(A),

where K is a closed convex subset of LP(A) and J is continuous and Gateaux differentiable
from LP(A) to R (1 < p < +00), and either K is bounded or J is coercive. Then, there
exists X € (M(A)") (the dual space of Radon measures) such that

(J'(u) — o div A\, u — ) >0, (35)
for every u € KN BV (A), and
(on=pi)+ [ 1Dal < [ jul (36)
for every € (M(A))", where D : BV(A) — (M(A))" and
<div A, u> =— <5\, Du> , (37)

for every u € BV (A).
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This result cannot be applied to the original problem (Pj) since the set of constraints
is not convex, but can be used to handle the penalized problem (771575). The proof is similar
to the one of [8], and yields the existence of \* € (M()?)’ such that

(VG (vF) —a div X, u —u®) >0, (38)
for every u € B,;, and
(= Du+ [ 1wl < [ (39)

for every pu € (M())2. Considering p = Dv with v € BV(Q) in (39) leads to

(N, D(v —u® /|Du6| /|Dv|

for every v € BV (Q), that is,
O (v) = P(u) — (divA®, v — u),
which is equivalent to p® € 9P (u®), where u® = —div A°. We thus get the following result.

Theorem 7. Let uj_ be a solution of (P§_). Then there exist A € (M(Q)?), ¢¢ =
q°(ui.) € L=(Q) defined by (28), and p° = —div \° such that

<VG’S(u‘i€) +¢ +ap,u— ui6> >0, (40)

for every u € By, and
) (41)

3.3.4 Optimality system of (P;_)

In this case,

a a
Ta(w) = sl =5 [ (Dusl0.0)* dz =5 [ (o)) da

—a —a
for every u € X = L%*(—a,a; BVy(0,a)). Here and in the sequel, the notation o(f)
is used to denote the total variation of a function f € BV(0,a). There holds X' =
L?(—a, a; (BVy(0,a))"). For every A € X', viewed as function of z € (—a,a) of class L?
with values in (BVy(0,a))’, denote \, = A(z) € (BVp(0,a))’, for almost every z € (—a,a).
The duality product between X and X’ is defined by

)y x = / SO p—

—a
for every A € X’ and every v € X.

Lemma 8. The functional Jo is conver and locally Lipschitzian on X.
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Proof. The convexity is obvious. To establish the local Lipschitzian property, we use the
fact that the total variation ¢ is Lipschitzian and the Cauchy-Schwarz inequality, getting
the estimate

a(v) = )] < 5 [ (plu) + o) o) — pto)] d:

(lullx +lollx) lu = vllx
Cllullx +p) lu =[x,

NN

for all u,v € X such that [|[u —v|x < p. O

It follows from this lemma that Js is subdifferentiable and that the classical subdif-
ferential and the generalized Clarke subdifferential of J» coincide (see [9]). Moreover, the
Clarke generalized directional derivative and the classical directional derivative coincide
as well.

Recall that the penalization problem (P5_) consists in minimizing G3 _(u) + §Ja(u)
over all functions u € B;). This problem is equivalent to the minimization problem

. S o
min G5 o (u) + §J2(U) + x8, (1),

where xg, is defined by xz,(u) = 0 whenever u € B,, and xg, (u) = +o0c else.
A necessary condition for u3 . to be an optimal solution to (P3.) is

0€ (G5, +ada+xa,) (us,),
and hence, using the standard rules of the subdifferential calculus,
0€ VG5 (uy.) + adJa(uy.) + Oxs, (u3.), (42)

since the considered functions are convex and locally Lipschitzian (see [9]).

Lemma 9. Let A € X'. Then, for every u € X, X\ € 9Jy(u) if and only if A\, €
o(uz)0¢(uy), for almost every z € (—a,a).

Proof. The statement of this lemma is natural, and the proof is quite easy, however it is
not possible to apply directly results of [9]. We next provide a proof for the convenience
of the reader.
Since J3 is a proper convex locally Lipschitzian function, 0J(u) is nonempty for every
u € X, and
OJa(u) = {A € X' | Jy(u;v) = (A v)x x  Yve X},

where Jj(u;v) denotes the directional derivative at u in the direction v. In addition,

Jy(u;v) = sup{(\,v) xs x | A € OJ2(u)}.
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We next compute J5(u;v), for all u,v € X. One has

Jo(u+tv) — Jo(u) 1/“ o(uy + tv,)? — ¢(u,)? I
t S 2 t
L (s b0~ )y,
u vy) — @(u
= 2/ (p(uy + tvy) + (uy)) (SO z z) — Pl > dz.
Y t
By definition of the subdifferential, there holds
p(uz + tv.) — p(uz)
- ; = > <M7UZ>BVO’,BVO )
for every p € dp(u,), every v, € BVy(0,a), and almost every z € (—a,a). Since
puz +tvz) — p(uz) < [tle(vz),
we get
Uy +tv,) — p(u
'30( z z) QD( Z) g max (@(02)7 <)\Z’/UZ>BV0/,BV0 ) s
for every t € (0, 1] and almost every z € (—a,a). Note that
[(a,02) g s | < Ml o(v2),
and
||#||BVO’ = sup <#,U>BVO',BVO )
vl Bv, <1
for almost every z € (—a,a). Since p € dp(u,), it follows that
(1, U>BVO’,BV0 < puz +v) — p(uz) < p(v),
for every v € BVp(0,a). Hence, ||u|py; <1 and ‘<M7UZ>BVO/,BVO < ¢(vy). Therefore,
t —
Pl 10l = 2l < ), (44)
for every ¢ € (0, 1] and almost every z € (—a,a), and we infer that
|0 (uz; v2)| < o(vs). (45)

Moreover,
0 < pus +tv2) + o(uz) < 20(uz) + tp(v.),

hence, using (44),

o(uy +tv,) —
t

(ot + t0s) + () ( W”) \ < @p(us) + ov2)) olv2).
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The function z — (2¢(uy) + ¢(v,))p(v,) is integrable on (—a,a), since the functions
2z o(u,)?, 2 — ¢(v,)? and z — (u,)p(v,) are integrable (indeed, u,v € X). Using
(45), we infer that the function

zZ = So(uz)Sol(uz?Uz) (46)

is integrable on (—a,a), for every v € X. Therefore, applying the Lebesgue theorem to
(43), we get

J. tv) — J a
lim 2(u+ 'U) Z(U) :/ So(uz)sol(uz;vz) dz.
t—0 t —a
Finally
Tuie) = [ plua)dusiv ds > [ (puresva) sy g 0 (47)

for every A, € d¢(u,), since </\Z’UZ>BV0/,BVO < @ (uz;v,).
For every u € X, define

Ew)={pe€ X" | u:z— @(u)\, with \, € dp(u,) for a.e. z € (—a,a)}.
We claim that £(u) = 0J(u). Indeed, let us first prove that £(u) C 9J(u). For every
u € E(u), there holds

a

—a —a

for every v € X. Since A\, € 0p(u.), using (47) we get that

<M:’U>X/,X < J'(u;v),

for every v € X. This implies that u € 0J(u) (see [9]), and the inclusion follows. The
proof of the converse inclusion readily follows the one of [9, page 77], and is thus skipped.
The key point is the measurability of the function z — ¢(u,)¢'(uz;v.), for every v € X,
which follows in particular from (46).

We have thus proved that every p € 90J(u) is such that p : z — @(uz)\,, with
Az € 0p(uz). The lemma follows. O

We are now in a position to derive the optimality system of (732575).

Theorem 8. Let u3 . be a solution of (Ps.). Then, there exist p° € X', ¢° = ¢°(u3 ) €
L>(Q) defined by (28), such that

<VGS(’U,§’€) +¢ +ap,u— u§u€>X',X >0, (48)

for every u € By, and
ps € p((uye),) Op((use) ), (49)

for almost every z € (—a,a).
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4 Appendix: fractional order Hilbert spaces

In this appendix we gather different definitions and characterizations of fractional order
Hilbert spaces, on R™ and on bounded subsets, not all of them being so standard. The
main references are [3, 7, 11, 20, 21, 26, 27].

Let U be an open bounded subset of R™. For k € N, the Hilbert space H*(U) is defined
as the space of all functions of L?(U), whose partial derivatives up to order k, in the sense
of distributions, can be identified with functions of L?(U). Endowed with the norm

1/2

Hf||Hk(U) = Z ||D’gf”%p(U)

18I<k

H*(U) is a Hilbert space. For k = 0, there holds H°(U) = L%(U).
For s € (0,1), the fractional order Hilbert space H*(U) is defined as the space of all
functions f € L?(U) such that

)P
//UXU |$_ ‘n+28 — 2 drdy < 4o0.
Endowed with the norm

1/2
1l = (aniz / / f@) = JWE 4, dy) "
UxU ’x—y’“ s

H*(U) is a Hilbert space.
For a positive noninteger real number s > 0, denote by [s] the floor of s, and let
€ (0,1) such that s = [s] + a. The fractional order Hilbert space H*(U) is defined as
the space of all functions f € L?(U), whose partial derivatives of order [s], in the sense of
distributions, can be identified with functions of H*(U). Endowed with the norm

1/2

|DPf(x) — DPf(y)|?
lasan =1 Ilf + E // dx dy ,
H HH ) H HH s1(U) i UsU ]m ’n+2a

H*(U) is a Hilbert space.

Let D(U) denote the space of C*° functions on U, having a compact support contained
in U. For every s > 0, define Hj(U) as the closure of D(U) in H*(U). The space H;(U)
is a closed subspace of H*(U) and thus inherits of its Hilbertian structure. There holds
H§(U) = H*(U) if and only if 0 < s < 1/2 (see [21, Theorem 11.1]), or whenever U = R".
The space H*(U) is defined as the dual of Hj(U).

It is possible to define the fractional order Hilbert spaces H*(U) in other equivalent
ways, in particular, using the Fourier transform or using the fractional Laplacian operator.
The situation is quite simple for U = R"™ but is more intricate for a bounded domain U.
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4.1 Other characterizations for U = R"
4.1.1 Fourier transform

Another possible definition of H*(R"™) goes by using the Fourier transform F, as follows.
For every s > 0, define

HY(R") = {f € LXR") | (1+ [¢*)*Ff € LAR™)},

endowed with the norm

1/2
e = ([ @+ IF(©Ras)

Note that f € H*(R") if and only if (id — A)*/?f € L?>(R"), where the operator (id — A)%/?
is defined by its symbol (1 + [£]?)*/2, or, in other words, is defined using the Fourier
transform by (id — A)S/2f = F~L(1 + |¢[2)/2Ff).

Note that, for s < 0, one has

HY(R") = {f € S'R") | (1 +[§P)*Ff € L*(R™)},

where S(R™) denotes the Schwartz space of rapidly decreasing C*° functions on R".

4.1.2 Fractional Laplacian operator

Define the fractional Laplacian operator (—A)%, using the Fourier transform Ff of f,
by (=A)*f = F~L(|¢|**Ff). This definition actually makes sense for a € (—n/2,1] and
f € S(R™). Note that (—A)*f ¢ S since |£]?® introduces a singularity at the origin in its
Fourier transform; however, (—A)*f is of class C* (see e.g. [7]). Clearly, (—A)! = —A,
(—=A)° = id, and (—A)* o (=A)?2 = (=A)MT22_ Moreover, the operator (—A)® is
selfadjoint on L?(R™).

An easy computation shows that, for every o € (0, 1), there exists a constant C, , such
that, for every f € S(R"), (—A)*f(x) coincides with the principal value of the singular

integral
f@) = )

Cne e [T =y

Actually, C),  is a positive constant such that

[ Lenten),,

|y | t2ex Cna’

for every & € R™.

Note that the above singular integral is well defined whenever 0 < a < 1/2, and in that
case it is not necessary to consider the principal value; for 1/2 < a < 1, the singularity is
near x = y. To avoid the use of principal values, one has the other equivalent expression
(obvious to obtain with a change of variable)

fle+y) + flz—y) —2f(v)

|y |2

(~A)° /(@) = ~5Cna .

Rn
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Then, for every s € (0,1) and every f € H*(R™), one easily gets

_ 2
Hf“HS(]Rn ||f||L2 ®n) T //R - |x_|nJ(rQ)s| dz dy
= HfHL2(R") + @H(‘A)SMJCHB(W),

and therefore H*(R™) can be equivalently defined as the space of all functions of L?(R"™)
such that the distribution (—A)*/2f can be identified with a function of L?(R").

The relation of the Hilbert spaces H® with the domains of the fractional Laplacian
operator is the following. The operator —A, defined by Fourier transform, is a selfadjoint
positive operator on L?(R™), of domain D(—A) = H?(R™). The fractional operator (—A)*
has been defined above by Fourier transform, for s > 0. Using the interpolation theory
and results from [20, 21], one can establish that

D((-A)*) = H*(R"),
for every s € [0, 1].

4.2 Other characterizations on a bounded domain

The situation on a bounded subset U of R" is more delicate.

4.2.1 Quotient norm and extensions

The space H*(U) can be as well defined as the set of restrictions of functions of H*(R")
to U, with the quotient norm

Il sy = inf{”JFHHS(R”) | f e H*(R"), f|U = f}.

If U is bounded with a smooth boundary, then, for every f € L?(U) such that

fy)P
//UXU \x— ‘n+28 —————dxdy < +oo,

there exists an extension f € L2 (R™) of f (defined by symmetry, locally at the boundary

of the domain) for which
// ( )‘dedy < +00
R xR™ |$ - Z/\"HS

(see [26, Lemma 36.1]. This extension by symmetry is a specific one. Concerning ex-
tensions outside U, note that, for U bounded with smooth boundary, for every s € R
(H® with s < 0 is defined further), there exists a continuous linear extension mapping
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Py € L(H*(U), H*(R")), satistying Py fjy = f a.e. for every f € H*(U), and a contin-
uous restriction mapping Ry € L(H*(R"), H*(U)), such that Ry Py = idys(y). Hence,
H?#(U) can be as well defined using the equivalent norm

P P 2 1/2
(U0 [, P )

It would be more interesting (in view of using the fractional Laplacian, see further) to
extend f by 0 outside U and to use the above double integral on R"™ x R™. The extension
by 0 is however more delicate. Denoting f the extension of f by 0 outside U, the linear
mapping f € H*(U) — f € H*(R") is well defined and continuous if and only if 0 < s <
1/2. This means that, for 0 < s < 1/2, the space H*(U) can be as well defined using the

equivalent norm
1/2
191 + [ @ = FWE )
L R™ xR™ |9C — y[nt2s ’

where f is extended by 0 outside U (but this fact is not true for s > 1/2 because of
phenomena on the boundary).

Actually, the following result holds true ([26, Lemma 37.1]). Denoting f the extension
of f by 0 outside U, for U bounded with Lipschitz boundary, for 0 < s < 1, f € H* (R™) if
and only if f € H*(U) and p~*f € L?(U), where p denotes the distance to the boundary
of U.

The following extension result holds for the space H§(U). Denoting f the extension of
f by 0 outside U, for s > 0, the linear mapping f € H;(U) — f € H*(R™) is well defined
and continuous if and only if s ¢ N+ 1/2.7

It follows that, for instance, for every s € (0,1), s # 1/2, the space H§(U) can be as
well defined using the equivalent norm

/2
FOP
(1 + [ =L 00ay)

where f is extended by 0 outside U (but this fact is not true for s = 1/2). Actually, for
s = 1/2, the extension by 0 is linear and continuous for a subspace of H 1/ 2(U), which is

next defined as HééQ(U )

4.2.2 The Lions-Magenes space HSO/Z(U)

The Lions-Magenes space Héo/ 2(U) is defined as the set of functions f € HY/?(U) such that
p~Y2f € L*(U), where p denotes the distance to the boundary of U (see [21, Theorem

"For instance, 1 € Hl/2 (U) = HY*(U) and the extension by 0 is piecewise smooth and discontinuous,
hence is not in H 1/2 (R). Indeed, although functions of H 1/2 are not continuous in general, piecewise smooth
functions that are discontinuous at one point do not belong to H/2. For example, consider f, a Heaviside
function that is multiplied by some smooth plateau function; then, f' = &y + ¢ with ¢ smooth, hence
i€ (Fu)(€) = 1 + (F1)(€), so that |Ff| behaves like 1/|€| at infinity, and hence (1 + [£]*)Y4|Ff| ¢ L*(R),
ie., f & HY?(R) (see [26, Chapter 33].
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11.7)). It is a strict subspace of HY/2(U) = Hé/Q(U), equipped with the Hilbertian norm
9 1/2
f

2
+ [ —

L2(U)

Equivalently, HSéZ(U ) is the subspace of functions f € H 1/ 2(U) such that their extension

f by 0 outside U belongs to H 1/2(R™), and the space H%z(U ) can be endowed with the
equivalent norm || f{| g1/2(gny (see [26, Chapter 33]); for instance this latter norm can be
computed by Fourier transform.

4.2.3 Fractional Laplacian operator

For U bounded with a smooth boundary, the relation between ||f|gs@) and
H(—A)Oﬁf“%z(w) is more intricate than in the case U = R"™. First, for 0 < s < 1/2,
every f € H*(U) can be extended by 0 outside U into a function of H*(R™), and hence
for such values of s the space H*(U) can be as well defined using the equivalent norm

. 1/2
1 lmsy = (120 + 1=AY 2 f 1 Fa@ny)
) (R™)

where f is extended by 0 outside U. Note however that, although f has a compact support,
the function (—A)s/ 2 f is not of compact support.
The same fact holds for the spaces Hi(U), for s > 0, s ¢ N+ 1/2, and for the space
HSéQ(U ), since functions of these spaces can be extended by 0 to functions of H*(R™).
For other values of s (and actually, for every s € R), the existence of a continuous linear
extension mapping Py, previously mentioned, permits to endow H*(U), for instance, with
the equivalent norm

. 1/2
1wy = (110 + 1=A)72 Py f o)) -

4.2.4 Relation with the domain of the fractional Dirichlet Laplacian operator

Let A denote the opposite of the Dirichlet Laplacian on L?(U), of domain D(A) = H(U)N
H?(U). It must not be confused with the previous Laplacian operator. The operator A
is positive, selfadjoint, and has a discrete spectrum. The domains of its real powers
define a scale of Hilbert spaces D(A“) (see [11]), which can be characterized as follows.
Let (en)nen denote an orthonormal basis of eigenvectors of A, and let (\,)nen be the
associated eigenvalues. Then,

D(A%) = {f € L*(U) | ) _A*{f.ex)® < +o0},
keN
for every a € R. Using the interpolation theory of [21], one can establish that
H2(U) if s+#1/4,

Vs € [0,1) D(As):{ H2W) it s=1/4
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where the Lions-Magenes space Holé 2(U ) has been defined previously (note that, for s = 1,

D(A) = HY(U) N H?(U)). In particular, for every s € [0, 1],

{f € L2(U) | D Xilf.ex)? < oo} =

keN

H(U) if s#1/2,
HY*(U) if s=1/2.

Note that A° f must be distinguished from (—A)?®f, when both functions can be given
a sense. For instance, for every f € H§(U) with s € (0,1), s # 1/2 (and f € H%Q(U)
for s = 1/2), one has f € D(A%?) and thus A%2f € L?*(U) by definition, whereas
(—A)*f € L2(R"™) (where f is extended® by 0 outside U) is not even of compact support.
The space D(AS/ 2) is a Hilbert space, when equipped with the graph norm (|| f H%Q T
HAS/QfH%Q(U))l/Q. It follows that H5(U), for s € (0,1), s # 1/2, can be equivalently defined

with this graph norm, and similarly the space H, éé 2(U) can be endowed with the equivalent

norm (HfH%2(U) + ”A1/4fH%2(U))1/2-

References

[1] R. Abraham, M. Bergounioux, E. Trélat, A penalization approach for tomographic
reconstruction of binary radially symmetric objects, Applied Mathematics and Opti-
mization 58 (2008), no. 3, 345-371.

[2] M. Abramowitz, I. Stegun, Handbook of mathematical functions with tables, Dover,
1070.

[3] R.A. Adams, J.F. Fournier, Sobolev spaces, Second edition, Pure and Applied Math-
ematics 140, Elsevier Academic Press, Amsterdam, 2003.

[4] G. Ambartsoumian, P. Kuchment, A range description for the planar circular Radon
transform, SIAM J. Math. Anal. 38 (2006), no. 2, 681-692.

[5] M. Agranovsky, P. Kuchment, E.T. Quinto, Range descriptions for the spherical mean
Radon transform, J. Funct. Anal. 248 (2007), no. 2, 344-386.

[6] L. Ambrosio, N. Fusco, D. Pallara, Functions of bounded variation and free disconti-
nuity problems, Oxford mathematical monographs, Oxford University Press (2000).

[7] L. Caffarelli, L. Silvestre, An extension problem related to the fractional Laplacian,
Comm. Partial Differential Equations 32 (2007), no. 7-9, 1245-1260.

[8] E. Casas, K. Kunisch, C. Pola, Regularization by Functions of Bounded Variation
and Applications to Image Enhancement, Applied Mathematics and Optimization 40
(1999), 229-257.

8Recall that functions of Hg(U) can be extended by 0 to H*(R™) for every s > 0 such that s ¢ N+ 1/2;
for s = 1/2 for instance, functions of HééQ(U) can be extended by 0 to H'/2(R™).

34



[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

F.H. Clarke, Optimization and Nonsmooth Analysis, STAM, Philadelphie, 1983.

S. Cuccagna, Sobolev estimates for fractional and singular Radon transforms, J.
Funct. Anal. 139 (1996), no. 1, 94-118.

K.K. Engel, R. Nagel, A short course on operator semigroups, Universitext, Springer,
New York, 2006.

L.C. Evans, R. Gariepy, Measure theory and fine properties of functions, CRC Press,
1992.

P. Gérard, F. Golse, B. Wennberg, A compactness result for generalized Radon trans-
forms, Math. Res. Lett. 3 (1996), no. 4, 491-497.

M. Greenblatt, A method for proving LP boundedness of singular Radon transforms
in codimension one for 1 < p < oo, Duke Math. J. 108 (2001), no. 2, 363-393.

M. Greenblatt, Metrics and smoothing of translation-invariant Radon transforms
along curves, J. Funct. Anal. 206 (2004), no. 2, 307-321.

S. Helgason, The Radon Transform, Birkhauser, Basel, 1980.

S. Helgason, Ranges of Radon transforms, Computed tomography (Cincinnati, Ohio,
1982), pp. 63-70, Proc. Sympos. Appl. Math., 27, Amer. Math. Soc., Providence,
R.I., 1982.

A. Hertle, Continuity of the Radon transform and its inverse on Euclidean space
Math. Z. 184 (1983), no. 2, 165-192.

A. Hertle, On the range of the Radon transform and its dual, Math. Ann. 267 (1984),
no. 1, 91-99.

J.-L. Lions, FEspaces d’interpolation et domaines de puissances fractionnaires
d’opérateurs, J. Math. Soc. Japan 14, no. 2 (1962), 233-241.

J.-L. Lions, E. Magenes, Problemes aux limites non homogénes et applications, Vol.
1, Travaux et Recherches Mathématiques, No. 17, Dunod, Paris, 1968.

F. Natterer, Fxploiting the ranges of Radon transforms in tomography, Numerical
treatment of inverse problems in differential and integral equations (Heidelberg, 1982),
290-303, Progr. Sci. Comput., 2, Birkh&user, Boston, Mass., 1983.

R.G. Novikov, On the range characterization for the two-dimensional attenuated X-
ray transform, Inverse Problems 18 (2002) 677-700.

E.T. Quinto, Null spaces and ranges for the classical and spherical Radon transforms,
J. Math. Anal. Appl. 90 (1982), no. 2, 408-420.

A. Seeger, Radon transforms and finite type conditions J. Amer. Math. Soc. 11 (1998),
no. 4, 869-897.

35



[26] L. Tartar, An introduction to Sobolev spaces and interpolation spaces, Lecture Notes
of the Unione Matematica Italiana, Vol. 3, Springer, Berlin, UMI, Bologna, 2007.

[27] H. Triebel, Theory of function spaces, Birkhduser, 1992.

36



