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Abstract. We investigate the applicability of integral invariants as geometrical shape descriptors in the context
of ill-posed inverse problems. We propose the use of a Tikhonov functional, where the penalty term is
based on the difference of integral invariants. As a case example, we consider the problem of inverting
the Radon transform of an object with only limited angular data available. We approximate the
ill-posed operator equation by a minimization problem involving a Tikhonov functional and show
existence of minimizers of the functional. Because of its nondifferentiability, we derive for the
numerical minimization smooth approximations, which converge in the sense of I'-limits.
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1. Introduction. A typical task in object recognition is to segment an object in an image.
In some cases, however, the image is not directly accessible, but only a transformed version
of the image, e.g., its Radon transform, which may occur if the object is inspected with
a tomograph. Then the information of interest—the objects within the image—has to be
reconstructed from the given data set. In mathematical terms, this task can be formulated as
the inverse problem of solving an operator equation of the form

FiQ =y,

where I’ describes the image formation process, i.e., the action of the tomograph on the object
), and y denotes the available data.

The previous operator equation is a typical example of an ill-posed problem: the solution
does not depend continuously on the data y. In addition, to ensure that biological harm
caused by the radiation is reduced to a minimum, it might be advisable to perform the
scan only for a limited number of directions. Then, it is well known from mathematical
theory that the recorded data is insufficient for a unique reconstruction of the object, unless
ample prior information is available. In order to stabilize the reconstruction process, it is
therefore necessary to introduce some kind of regularization. One common approach is to
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use an iterative method for the solution of the equation but to stop the iteration well before
the onset of convergence. In this case it is very easy to incorporate a priori knowledge in
terms of closeness to some prior by choosing the starting point of the iteration. This method
of selecting the correct solution is also supported by the mathematical theory of iterative
regularization methods. A different method is the reformulation of the operator equation as a
functional with a fit-to-data term and a regularization term. The fit-to-data term ensures that
the solution closely matches the given data, and the additionally introduced regularization
term incorporates some knowledge about the solution while at the same time enforcing well-
posedness.

Often, the a priori knowledge can be formulated as a regularity constraint on the solution.
As an example, for segmenting an object in a given image, often a Tikhonov-like functional is
used, where the squared norm of the gradient of the boundary curve ensures the regularity of
the object to be segmented. In the field of shape recovery, additionally, the a priori information
may often include geometrical information about the object. Thus the regularization term
has to be constructed in such a way that the geometry of the solution is close to the geometry
of the prior.

At this point, naturally, the question arises of how to describe the geometry of an object in
a mathematical terminology. A classical approach uses the curvature of the boundary curve
of the object to define feature points, as geometrical features like protrusions, corners, or
inflection points can all be characterized by their curvature. All invariants, however, that are
based on differentiation—thus, in particular, curvature—suffer from an inherent sensitivity
regarding noise. As a remedy, it has been suggested to replace differentiation by integration
in such a way that the ensuing integral invariants still carry geometrical information about the
object [5, 19, 20, 22]. These invariants have proven to be successful for object classification [19]
and geometry processing [14].

This article intends to show that integral invariants can also be used for the solution of
inverse problems in the context of shape recovery. To that end we propose using a penalty
term which includes the L2?-norm of the difference between the invariant of the object and
the invariant of a prior. Since this penalty term is geometry based, it is expected that this
procedure will yield more accurate reconstructions than simpler methods based on a metric
between the objects themselves, e.g., the area of the set symmetric difference or the Haus-
dorff distance. Indeed, the performed numerical study, which uses the Radon transform as a
paradigm of an inverse problem, supports these expectations. To highlight the applicability of
our method to severely ill-posed problems, we limited the number of directions in which the
Radon transform was computed to four, leading to a high number of possible solutions. Note,
however, that we try to reconstruct only shapes, that is, binary distribution functions, and
not arbitrary ones. The possibility of reconstructing such data in the presence of sufficient a
priori knowledge has been demonstrated in [24]; there a level set method has been used for
the regularization.

In section 2 we briefly recall the notion of shapes and introduce the concept of integral
invariants as robust geometry-based shape descriptors. Section 3 is devoted to the theoretical
background of inverting the Radon transform of an object. First we introduce the problem in
a strict mathematical manner, which also includes a reformulation of the problem originally
posed on a class of objects as a nonlinear operator equation on a Hilbert space. The resulting
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operator being nondifferentiable, we derive a smooth approximation, which is later used in
the numerical implementation. In section 4, we perform a case study using synthetic data
and compare the proposed method with a Landweber—-Kaczmarz method using the prior as
an initial guess. Both approaches turn out to be capable of reconstructing the rough shape
of the object, but the Landweber—-Kaczmarz method introduces artificial perturbations of the
object’s boundary, whereas Tikhonov regularization with integral invariants does not.

2. Regularization with integral invariants. Suppose we have an operator F': X — Y,
which maps a shape x to some given data y, i.e.,

(2.1) Flz] = y.

We assume that the data set y is available through some measurement setup and the underlying
physical principle is described by the operator . We focus on the inverse problem of finding
a suitable shape x matching the data y. The first question arising at this point is the well-
posedness of the problem. The failure of well-posedness may be due to various reasons,
e.g., discontinuity of the inverse operator. In this article we mainly consider one specific type
of ill-posedness in the area of inverse problems: multiple solutions because of incomplete or
insufficient data.

Assuming that the available data y is insufficient for solving (2.1) uniquely, we have
to regularize the original operator equation. In shape optimization and reconstruction a
common approach to stabilizing the process of solving (2.1) is to use a prior incorporating some
knowledge of the solution. The prior can be seen as a reference model that covers the essential
information about the object. A typical choice is some representative of the shape, generated
from a set of training data using statistical methods. In that context the possible variations of
the shapes are explained in terms of statistics, e.g., using a principal component analysis where
the shapes are points on a possible infinite-dimensional manifold [6, 8, 25] (see also [21]). In
contrast, we propose using integral invariants to explain and handle the variability of a shape.
This concept has been applied successfully to segmentation with priors [20] but not yet for
more general inverse and ill-posed problems.

In the following we briefly introduce the concept of shapes and integral invariants.

2.1. Shapes. We consider a shape as a characteristic function of a given simply connected
and bounded set Q C R%. In addition, we restrict ourselves to objects that are star-shaped
with respect to the origin and therefore can be represented by a nonnegative radial function.

Definition 2.1. Let v € L*(S*,Ry) := {v € L*(S',R) : v > 0}. The set

(2.2) Q,={treR*:7eS", 0<t<H(r)}

is called the domain generated by the nonnegative radial function ~y.
Notice that the assumption v € L*(S!, R, ) is necessary (and sufficient) to guarantee that
the object €2, has a finite area. Indeed, a short calculation reveals that

1

1
£) = 3 [ P dnt ) = 3l < .

where £? and H! denote the Lebesgue and the Hausdorff measure, respectively.
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An intuitive definition of shapes was given by Kendall [17, p. 2]: a shape is “what is
left when the differences which can be attributed to translations, rotations, and dilatations
have been quotiented out.” In contrast, by our definition the shape changes if one applies
a rigid body motion. Hence, it would be more common to use the notion of objects rather
than that of shapes. But at least we have retained some invariance with respect to rotations
(cf. Definition 2.2): a rotation of €2, simply corresponds to a shift of the argument of the
radial function ~.

2.2. Integral invariants. We now briefly recall the concept of integral invariants and
introduce the circular integral invariant, which has proven to be useful in applications. A
reader interested in this topic may find useful background information in the articles of Manay
et al. [19] or in [4, 5].

The basic idea of integral invariants is closely related to that of differential invariants
but with an emphasis on stability with respect to noise. In contrast to differential invariants
(cf. [2]), which are based on derivatives, the key to noise insensitivity of integral invariants
is the replacement of differentiation by integration. Apart from that, the main features of
differential invariants should be retained, e.g., a possible geometrical interpretation or invari-
ance with respect to some group operation. In case of the curvature of the boundary curve of
a sufficiently regular object—the most common representative of differential invariants—we
have an obvious geometrical interpretation and also invariance with respect to rigid body
motions. More precisely, invariance holds if it is understood in the following sense.

Definition 2.2. A mapping I: L*(SY,R;) — LY(S',R,) is invariant with respect to the
group of rotations SO(2) if

(2.3) I[y](t) = I[yoh](hT) for all h € SO(2).

In [22] it has been shown that the area of the intersection of an object with a ball centered
at its boundary is closely related to the curvature of the boundary of the object. This provides
a motivation for the following definition of the circular integral invariant first introduced by
Manay et al. [19].

Definition 2.3. Let R > 0, and define Br(z) := {y € R? : ||z — y|l2 < R}. The operator
Tr: L*(SY,Ry) — LY(SY,R,) defined by

(2.4) Trh)(r) = £2(2 N Br(x(r)7)),

where €., denotes the domain generated by the radial function ~y (see Definition 2.1), is called
the circular integral invariant (cf. Figure 1).

Theorem 2.4. The circular integral invariant of Definition 2.3 is continuous.

Proof. Assume that 7 converges to v in L?(S!,R;). Then we obtain for almost every
7 € St that 4 (7) — v(7). As a consequence, we see that for almost every 7 € S! we have
that X,y (r)r) = XBr(y(r)r) Pointwise almost everywhere. In addition, we know that XQ,,
converges pointwise almost everywhere to xq., and, consequently, for almost every 7 € St,

Xy, XBr(p(r)7r) — Xy XBr(n(r)r) Pointwise almost everywhere.
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€2

€

Figure 1. Visualization of the definition of the circular integral invariant.

Applying Lebesgue’s theorem of dominated convergence twice, we see that

8 | Zr[V(7) — Zrlw](r)| dH(7)

:/Sl

which concludes the proof. |

It is worth pointing out that the circular integral invariant is a stable approximation of
the curvature of the object’s boundary curve in the limit as R tends to 0. As a consequence,
regions of high curvature—commonly seen as features of the object—are mapped to features of
the corresponding circular integral invariant, allowing for direct identification. More precisely,
one obtains the relation

/RzXQ«,ﬂBR(y(T)T) ($) dﬁz(x) _/R2XQ«,,€HBR(7;€(T)T) ($) dﬁz(x) dHl(T) — 0,

77 K~ (T
Tabl(r) = TR~ g 4 o)
with k- (7) denoting the curvature of  at the point v(7) (see [15, 22]). While it is well known
that the curvature function of a sufficiently regular arc length parametrized curve encodes the
underlying object uniquely up to rigid body motions, so far the uniqueness for the circular
integral invariant for fixed R > 0 is still an open question. Note, however, that a result
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towards this aim has recently been derived in [1], which shows local uniqueness for curves ~y
that are sufficiently close to a circle.

A more detailed discussion of the circular integral invariant is presented in [5]. In addition,
one can find there an explicit formula in terms of the radial function (cf. [5, Lemma 4.2]).
The same formula is used for the implementation of the invariant in the numerical examples
below. Also, the Radon transform of a star-shaped object, the stable approximate inversion
of which is considered in our case example, is rewritten in terms of the radial function. This
enables us to work within the functional analytic setting of the Hilbert space L?(S!,R).

Remark 2.5. Given a star-shaped object in the plane, there are many different possibilities
for describing it in terms of a radial function, depending on the choice of the center of star-
shapedness and the orientation of the object. Concerning the choice of the center of star-
shapedness, it can be shown that the set of all centers of a star-shaped object is convex
and therefore admits a unique center of mass that is again a center of star-shapedness. The
situation is more complicated for the orientation of the object. Here, one can, for instance,
align the object such that the mean direction of the radial function equals the first standard
basis vector of R2. This alignment, however, is only possible if a mean direction exists, which
need not be the case in the presence of symmetries within the object.

3. Example: Shape reconstruction based on the Radon transform. In this section we
consider the problem of reconstructing an object from a given data set that represents the
Radon transform of the object in some predefined directions. More mathematically, this task
can be formulated as an inverse problem as follows: Find an object 2 such that its Radon
transform R, for finitely many given directions o;, i = 1,...,n, matches the data y;. In other
words, find a solution of

(3.1) R, [Q =y, i=1,...,n

Since we are given only finitely many directions, the problem of solving (3.1) is ill-posed, and
therefore we have to apply some regularization incorporating a priori information about the
geometry of the objects to be reconstructed. In the following we show how information based
on integral invariants can be used in a Tikhonov-like regularization method on the set of all
nonnegative radial functions generating star-shaped objects. In particular, we end up with a
shape optimization problem, where the admissible shapes are restricted to those that can be
represented by a nonnegative radial function. Similar inverse problems for star-shaped objects
have been considered by Hettlich and Rundell (cf. [10, 11, 12]) using different approaches to
stabilize the inversion, among them iterative schemes and also Tikhonov regularization. In
contrast to their proposed methods including only smoothness assumptions, we explicitly
incorporate additional geometric information by means of the circular integral invariant.
Remark 3.1. In practical applications, it is unrealistic to assume that the considered ob-
jects (and also their background) are truly homogeneous. Instead of being constant, the
absorption coefficient in the object can be expected to vary slightly around some mean. If
these variations are sufficiently small and unstructured, then they can be treated in the same
way as measurement errors; if an appropriate regularization method is used, then the pro-
posed model therefore still allows for an acceptable reconstruction. See also the argumentation
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in [24], where a similar model has been used successfully for the direct estimation of interfaces
from sparse tomographic data.

3.1. The optimization problem. We now reformulate the geometrical definition of the
standard Radon transform in terms of the generating radial function. For that purpose we
introduce an operator R, that first maps the radial function v to the object it generates
and afterwards applies to this object the standard Radon transform restricted to a specific
direction o; € S'. As mentioned in Remark 2.5, it would be necessary to introduce two
additional parameters into the optimization problem, the center of star-shapedness and the
orientation of the object. For simplicity we neglect these parameters in the considerations
below, but refer to Remark 4.1 at the end of section 4, where some ideas are presented on
how they can be incorporated into applications.

Definition 3.2. Let o; € S, and define the operator Ry, : L*(SY,Ry) — LY(R,R) by

(3:2) Ro (@) i= /R Yo, (a0t + toy) AL (1),

Notice that the geometrical interpretation of R,,[y] and the standard Radon transform
of €1, coincide. The major difference is the nonlinearity of R,, with respect to the radial
function ~.

Lemma 3.3. The operator R, of Definition 3.2 is continuous.

We now define the Tikhonov regularization of (3.1) in a precise mathematical manner.

Definition 3.4. Let B, > 0 and Yot € L?(S',Ry). In addition, denote by T: L*(S',Ry) —
LY (S R,) the circular integral invariant defined by (2.4). For o; € S* and f; € L?>(R,R),
i=1,...,n, define

1 1
Do 1] = 5lRa 7] = fillj: and P[] = 5 (IZ0] — IhpedlllZ2 + w7 11Z2).

and define the functional F: L*(S',R) — RU {—i—oo} by

Do, [v] + BP ' HY(S', R,),
(3.3) Fly = ; [+ B8Pl ifve H(S,Ry)
+00 else.

The operator R, is defined for a function depending on values on S'. Therefore, its
evaluation at a specific point a should be written as an integral over a subset of S' as well.
A simple parameter transform yields the following reformulation of the operator.

Lemma 3.5. Let o; € S'. Denote by Hy(z) the Heaviside function defined by Hy(z) = 0
forz <1 and Hi(z) =1 for x > 1, and define the half-sphere

Sclma = {7 € S" :sign((r, o)) = sign(a) }.
The operator R, of Definition 3.2 can be written as
1
[ m (A0 i) o
(3.4) Ro:[(@) = § /st o (1,07
v(oi) +(=0i), a=0.
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Proof. Let o € R\ {0} and o; € S! be fixed. Define f, o: Slha — R by

g

T, O
foialT) == " o.

That is, fs, o maps a direction 7 € S},Z_’a to the line parallel to o; with offset « (see Figure 2).
A short calculation shows that || D f,, o(7)|| = |a|/(r,0:")2, and, as a consequence, we obtain

[ om0k af>>< LR

e T, U’i
1
:/ </ Hl <’7(T)<7—7 ;5 >> dHO(T)> d/]_[l(t)
R\ foa(®)NSE, o a

2

:/RHl<v(fgj}a(t))<fgj}a(t),o%>>dﬁl(t)_

a

Thus, the assertion follows from the fact that (see Figure 2)

{teR:y(f L) M), 08)/a>1} ={teR a0 +to; €Q,}. W
The optimality condition for (3.3) involves the derivative of the functional R,,, which,
however, is not differentiable, because the integrand is the shifted Heaviside function Hy. For
the numerical implementation of the minimizing procedure we replace the original functional
F by a differentiable version . based on a smoothed approximation of R,,.
Definition 3.6. Let 0 < € < 1 and o; € S' be fized. Define the operator Roe: L?(SY,Ry) —
Ll(Rv R-I—) by

N
(35) Rai,a[’)/](a) = S a H1’€< a > < dH (1), a#0,

v(oi) +(=0i), a=0.
Here, Hy . denotes the mollification of the shifted Heaviside function.
Definition 3.7. Let B, > 0 and Yot € L?(S',Ry). In addition, denote by T: L*(S',Ry) —

L*(SYR,) the circular integral invariant defined by (2.4). For o; € S', f; € L*(R,R),
i=1,...,n, and 0 < e < 1 define

(IZ0] = Zlwedl 122 + £l 11Z2),

N —

1
Do 7] = 5lRoeh] = fill s and Pl =

and define the functional F.: L?>(S,R) — R U {+oo} by

(3.6) Fily = ;DW[’V] +BPh] ify e H'(S,Ry),

+00 else.
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oj ao; + to'il

Figure 2. Sketch of the parameter transform fs, a.

The existence of minimizers of the functional F and its approximation JF. is guaranteed
by the following theorem.

Theorem 3.8. The functionals F and F. of Definitions 3.4 and 3.7 are lower semicontinuous
and coercive.

Proof. We show only the lower semicontinuity and the coercivity of F., the proof for F
being analogous.

Theorem 6.49 in [7] implies continuity of the mapping v +— R, -[v](c) for every a € R. As
a consequence, applying Fatou’s lemma, we obtain lower semicontinuity of R, .. Proposition
10.7 in [23] shows lower semicontinuity of the smoothing term, and continuity of the integral
invariant (see Theorem 2.4) in particular implies lower semicontinuity.

It remains to show that the functional F; is coercive. To that end, we show in the following
that every level set of F. is bounded in H'(S!,R) and, therefore, by the Rellich-Kondrasov
theorem (see [23, p. 258]), precompact in L?(S',R). Therefore let ¢ > 1 and v € L?*(S',R)
such that F.[y] < t. Then, in particular, we know that v € H'(S',R) ¢ WLI(S!,R). By
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Theorem 18.17 in [13] we obtain for ¢1, @2 € [0, 27]

©2
[ @) < [ Wola =1 les
)

1

(1) = (p2)| <

and, in particular,
, , Tt

(3.7) <Vl < Vo [V |z gy < 2 A

Now let 1 < i <n be fixed. Because f; € L?(R,R), there exists some 7 > 0 such that

(3.8) ( /W: £2(x) dﬁl(:z:)> Vv

Let r := max{f, \/f} Now we show that

ma min
Teggw( T) — min v(7)

TeSt TeSt

(3.9) miny(7) < (2r+1)(1+¢) and maxy(r) < (27‘+1)(1+€)+2\/;i;.

Assume to the contrary that
(3.10) min{y(7) : 7 €S} > 2r + 1)(1 +e).

Observe that for 0 < € < 1 we have

i () < ) and s (R, Bl(@)] > |Re [ 2] )]

A simple geometrical argument (see Figure 3) shows that

(3.11) ‘Roi [L] (@)

>2r for r<a<r+1.
1+¢

Define A := (r,r + 1). Because ¢t > 1, and by (3.8) and (3.11), it follows that
Vit > |Re, V] — fill 2y > 1RovclV] = fill 2y > 1RoveMlz2ay — I fill 22(a)
= (f Rocblt@ act@) " Utz > 20— (V3 1)
>2x/—(\/§—1)\f>x/%,

which yields a contradiction to (3.10). Thus the first inequality in (3.9) holds. The second

inequality is now a consequence of (3.7). Therefore, we can bound the L?-norm of v by

(3.12) V11251 gy < 27 <max7( ))2 < 27r<(2 max{F, vt} +1)(1 +¢) + 2\/g>2.

est

Together with (3.7), this shows that the level set of F. to the level ¢ is bounded in H'(S*,

Application of the Rellich-KondraSov theorem concludes the proof. [ |
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Figure 3. Sketch of the estimation of R, [115} in (3.11).

3.2. T'-convergence. In this section we show that the functional F; is indeed an approx-
imation of the original functional F.

Lemma 3.9. Let () — 0, and denote by (v.,) a minimizing sequence of the functionals
Fe,.- Then (ve,) has a convergent subsequence in L*(S',R) and the limit of every convergent
subsequence is a minimizer of F.

Proof. The basic idea is to prove I'-convergence and equicoercivity of the approximating
functionals F;, . First notice that equicoercivity is a direct consequence of (3.7) and (3.12) in
the proof of Theorem 3.8.

In order to show I'-convergence we have to verify the following two conditions (see [3,
Chap. 8]):

1. For every n € H'(S',R) and every sequence (1) in H'(S!,R) converging to n with

respect to the L?-norm we have

(3.13) Fln] < liminf F, [n].
k—o0

2. For every n € H'(S,R) there exists a sequence (1) in H'(S!, R) converging to n with
respect to the L?-norm such that

Flnl = Jim o (1K)
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The latter condition follows immediately from the fact that F, [] converges to F[n] as k — oo
for every n € L%(S4, R).

Let n € H'(S',R), and let (1) be any sequence in H'(S!, R) converging to n with respect
to the L2norm. We have to verify (3.13). Since the regularization term does not depend on
€k, this is equivalent to showing that D, [n] < liminf;_, . Dy, ¢, [11] for each direction o; € St.
The continuity of R,, implies that, after possible passing to an appropriate subsequence,
R,f () == Ro,[mk/(1 £ ex)](a) = Ro,[n](a) pointwise almost everywhere. As a consequence,
applying Fatou’s lemma we obtain

limint Dy, ] = liminf [ [Ro, (@) = Fla) L (a)
k—o0 k—oo JRr

> / lim inf| Ry, o, [) (@) — F(a)[2 AL (@)
R

k—o0

z/aninf(mm{KR; D)l IRy~ F@)]}?) de* )

k—o0

_/ansup<|(7z,j ~Rp)(@)) dL'(a)

k—00

- /R Rolil () — F(@)]? dL (o)

which proves the assertion. |

4. Numerical results. The actual optimization was performed with a gradient descent
approach, which involves the derivative of the functional to minimize. Therefore we have
based the numerical implementation on the smooth approximation functional F.. The I'-
convergence of this functional to the original functional F, shown in the previous section,
implies that for a sufficiently small value of the smoothing parameter € we obtain a solution
that is close to an actual minimizer of F. We have used a finite element approach with
piecewise linear basis functions for the discretization of the regularization functional. All the
integrations were realized by the trapezoidal rule. The iteration was stopped as soon as the
maximal absolute value of the gradient of F. was below some a priori chosen threshold.

For comparison, we have also implemented a Landweber—Kaczmarz method (see [16]) for
the solution of (3.1), where the radial function of the prior was used as the initial value. This
method aims to find an approximate solution that is close to the given prior by alternatingly
taking steepest descent steps for the squared residuals |R,, . — fi||?, starting from the prior
Yref- The iteration then reads as

Y0 = Vref,
Ye+1 = Yk + )\(DRUk: mod’ma)*(Rak mod n,a[’}’k] - fk mOdn)’

where n denotes the number of directions in which the Radon transform is given. In order to

obtain a regularization method, this iteration is stopped well before convergence is reached.
The number and size of the steps taken determine the amount of regularization, fewer and
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smaller steps leading to a result that is closer to the prior. In contrast to Tikhonov regular-
ization with the functional F., where closeness of the prior in terms of the integral invariant
is required, here the closeness of the radial functions themselves is measured. In order to
avoid spurious oscillations in the result we have in addition added a smoothing term in each
iteration step. Also, with this regularization the two methods are more comparable. The
regularized iteration then reads as

(41) ’7k+1 - 7k + )\ |:(DRok modn7€)*(R0k mod n7€|:/7k:| - fkmod n) - /’L’yllﬂ/ N

Notice that for the following numerical examples the constant p was chosen much smaller
than 1. Moreover, we have used the same constant p for the regularization method given in
Definition 3.7.

In all the numerical examples we have tried to reconstruct an object from its Radon trans-
form given only in four directions. This data would allow a unique reconstruction if we re-
stricted the set of solutions to convex objects [9, Corollary 1.2.12]. In the case of a star-shaped
body, however, the same data is insufficient for a successful reconstruction [9, Theorem 2.3.4]
and, consequently, the problem is ill-posed. To amplify the effect of ill-posedness we have
chosen the four directions in such a way that significant parts of the object are only poorly
resolved (cf. Figures 4 and 5, upper left, where o; € {21.6°,36°,72°,108°}). For the numerical
experiments we fixed the reference object (see Figures 4 and 5, first row) and used visually
similar objects to compute artificial data sets for R, - for: =1,...,4 and € < 1. The results
of the reconstruction with Tikhonov regularization using the integral invariant in the prior
term are depicted in Figures 4 and 5, middle column; the results of the reconstruction with
the Landweber—Kaczmarz scheme (4.1) are depicted in Figures 4 and 5, right column. In both
figures the left column shows the object from which the data is computed, which at the same
time is the object to be reconstructed.

As can be seen from the figures, the Landweber—-Kaczmarz scheme produces artefacts in
regions where the features of the object are poorly resolved by the Radon transform. This is
quite natural, as in (4.1) only the data is used and the prior knowledge about the geometry of
the object is solely incorporated as the initial value of the iteration. In contrast, because in the
poorly resolved regions of the object the integral invariant of the prior covers the geometry,
our method is capable of handling this lack of information and produces reconstructions that
are visually more appealing. These differences can be seen best in Figure 4, last two rows:
Compare, in particular, the shape of the fish head. Admittedly, artefacts are also present in our
results, but they are limited to parts of the object where the prior information contradicts the
object we want to reconstruct. Thus, the artefacts are rather due to wrong a priori knowledge
than to a failure of the method. This effect occurs, for instance, in the first two reconstructions
in Figure 5, especially at the second lower fin, which is present in the prior but missing in
the objects of interest. Thus, both the regularization method and the Landweber—Kaczmarz
scheme try to reconstruct a feature that does not exist. Again, we want to emphasize that
our method does not introduce additional artefacts in parts where the prior information is
consistent with the true solution, whereas the Landweber—Kaczmarz scheme does, which is
a significant advantage of our approach. In addition, the numerical results indicate that our
method is well capable of handling scaled objects (see Figure 4, middle row), which is a
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Directions of the Prior Parameter settings
Radon transform

B =0.05
©n=0.02
R=10
e=0.2

max, y(T) &~ 7

Object to reconstruct Regularization with Kaczmarz scheme
integral invariant

Figure 4. Reconstruction with fized reference object (prior) shown in the first row. First column: object to
reconstruct. Second column: reconstruction based on regularization with the circular integral invariant. Third
column: reconstruction based on the Landweber—Kaczmarz scheme.

consequence of the fact that the integral invariant reflects mainly curvature information of
the prior [22].

Remark 4.1. As was mentioned at the beginning of section 3.1 one would also have to
incorporate the influence of the two parameters introduced by the parametrization via a
radial function (center of star-shapedness and angle of rotation). In the case of the prior
one can follow the approach given in Remark 2.5 for choosing the center of star-shapedness
and realignment of the radial function. For the reconstruction of a given data set it is then
necessary to ensure that the underlying unknown object is aligned in the same way. Because
we are given the Radon transform only in four directions, the alignment of the object cannot
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Directions of the Prior Parameter settings
Radon transform

max, y(T) &~ 7

7 ? -
///\( //_></’ 1T
/ \ )// < —7 1] B =0.05
/,;7//\ \ T w=0.02
— / \\ Q—N 17 R=1.0
/\&\\L\ \ ® 5 = 0.2
// \\\r/wl 1l

Object to reconstruct Regularization with Kaczmarz scheme
integral invariant

Figure 5. Reconstruction with fized reference object (prior) shown in the first row. First column: object to
reconstruct. Second column: reconstruction based on regularization with the circular integral invariant. Third
column: reconstruction based on the Landweber—Kaczmarz scheme.

be estimated directly from the data. The approach to bypassing this problem that we have
used in our implementation is to compute the best possible match of the Radon transform of
the prior and the given data and use the result for the alignment of the initial value of the
iteration. In addition, one can realign the object during the iteration, again by matching the
Radon transform of the current iterate with the data.

5. Conclusion. In this article we have introduced a Tikhonov-like regularization func-
tional for the reconstruction of star-shaped objects, which is based on the difference of integral
invariants. As a case example, we have considered the problem of reconstructing an object
from its Radon transform given only for a finite number of directions. We have derived the
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necessary theoretical background to show existence of minimizers of the Tikhonov functional
and introduced a smooth approximation used for numerical computations. The presented
numerical results indicate that the approach based on integral invariants is suitable for the
estimation of objects in case of insufficient data. In particular, the comparison with a standard
iterative approach has shown that our method creates significantly fewer artefacts.

Appendix. In this section we present some additional numerical results in order to demon-
strate the performance of the proposed regularization strategy based on the difference of
integral invariants and also to show the necessity of regularization. To that end, we have
performed a series of experiments, where we have generated artificial data from a number of
test images, and have applied our proposed method for varying priors both in the noise-free
case and also in the presence of noise.

The following tables contain several key values of the reconstruction process, namely the
data fidelity term (the squared L2-distance of the data and the regularized Radon transform
of the reconstruction) as well as the distance between the reconstructed shape and, first, the
true solution (the shape from which the data was generated) and, second, the shape that was
used as the prior in the specific experiment. All the shape distances are given in terms of the
squared L?-norm of the difference of the radial functions.

Table 1 shows the numerical results in the absence of noise. In this case, the reconstruction
works well independent of the regularization parameter (the parameter in the table was chosen
to be small in order to highlight this independence). Note that the true solutions are not
recovered exactly because of the presence of the additional regularization term penalizing the
norm of the derivative of the radial functions. If, however, the data set is affected by noise,
the quality of the results deteriorates drastically. In Tables 2 and 3, the results for the same
combination of data sets and priors are shown as in Table 1 but now in the case of noisy data
with a noise level of about 15%. One can see that the distance between the reconstructions
and the true solutions is much larger than in the noise-free case. In addition, one can see
the beneficial effect of regularization: In Table 2, we chose a small regularization parameter,
while in Table 3 the regularization parameter was chosen quite large. Accordingly, the method
provides better results in the latter situation than in the former one. However, one also sees
that the results become better, even if one chooses a wrong prior, as long as some features of
the true solution are also present in the prior. Such a behavior would not be possible if the
regularization were based on the L?-distance of the radial functions themselves and not on
the distance between their integral invariants.
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