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RESUME

Dans cette thése, nous développons un modéle du second ordre pour la représentation
des formes (courbes et surfaces) grace a la théorie des cycles normaux. Le cycle normal
d’une forme est le courant associé & son fibré normal. En introduisant des métriques a
noyaux sur les cycles normaux, nous obtenons une mesure de dissimilarité entre formes qui
prend en compte leurs courbures. Cette mesure est ensuite utilisée comme terme d’attache
aux données dans une optique d’appariement et d’analyse de formes par les déformations.

Le chapitre 1 est une revue du domaine de ’analyse de formes par les déformations.
Nous insistons plus particuliérement sur la mise en place théorique et numérique du modéle
de Large Deformation Diffeomorphic Metric Mapping (LDDMM).

Le chapitre 2 se concentre sur la représentation des formes par les cycles normaux
dans un cadre unifié qui englobe a la fois les formes continues et discrétes. Nous précisons
dans quelle mesure cette représentation contient des informations de courbure. Enfin nous
montrons le lien entre le cycle normal d’une forme et son varifold.

Dans le chapitre 3, nous introduisons les métriques & noyaux. Ainsi, nous pouvons
considérer les cycles normaux dans un espace de Hilbert avec un produit scalaire explicite.
Nous détaillons ce produit scalaire dans le cas des courbes et surfaces discrétes avec certains
noyaux, ainsi que le gradient associé. Nous montrons enfin que malgré le choix de noyaux
simples, nous ne perdons pas toutes les informations de courbures.

Le chapitre 4 utilise cette nouvelle métrique comme terme d’attache aux données dans
le cadre LDDMM. Nous présentons de nombreux appariements et estimations de formes
moyennes avec des courbes ou des surfaces. L’objectif de ce chapitre est d’illustrer les
différentes propriétés des cycles normaux pour ’analyse des déformations sur des exemples
synthétiques et réels.

ABSTRACT

In this thesis, we develop a second order model for the representation of shapes (curves
or surfaces) using the theory of normal cycles. The normal cycle of a shape is the current
associated with its normal bundle. Introducing kernel metrics on normal cycles, we obtain
a dissimilarity measure between shapes which takes into account curvature. This measure
is used as a data attachment term for a purpose of registration and shape analysis by
deformations.

Chapter 1 is a review of the field of shape analysis. We focus on the setting of the
theoretical and numerical model of the Large Deformation Diffeomorphic Metric Map-
ping (LDDMM).

Chapter 2 focuses on the representation of shapes with normal cycles in a unified
framework that encompasses both the continuous and the discrete shapes. We specify to
what extend this representation encodes curvature information. Finally, we show the link
between the normal cycle of a shape and its varifold.

In Chapter 3, we introduce the kernel metrics, so that we can consider normal cycles in
a Hilbert space with an explicit scalar product. We detail this scalar product for discrete
curves and surfaces with some kernels, as well as the associated gradient. We show that
even with simple kernels, we do not get rid of all the curvature informations.

The Chapter 4 introduce this new metric as a data attachment term in the framework
of LDDMM. We present numerous registrations and mean shape estimation for curves and
surfaces. The aim of this chapter is to illustrate the different properties of normal cycles
for the deformations analysis on synthetic and real examples.
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Notations

e FE™* is the algebraic dual of the vector space E, i.e. the vector space of all the
linear forms on E. If E is endowed with a topology, £’ is the topological dual
of F, i.e. the vector space of all the continuous linear forms on F.

e (.,.)is the canonical scalar product on a Euclidean space E. |.| is the associated
norm.

e (|): E' x E— R is the duality product. If (p,z) € E' X E, (p|z) = ¢(x).
o Sl = {:c eR?||z] = 1}, the unit sphere of R%.

e (.,)v, |l.lly: Given a Hilbert space V, (.,.), is its scalar product and |||, its
norm.

e Ly : V' — V is the canonical isometry between V' and V. If (p,v) € V' x V,
(plv) = (Kve,v)y-

o [/ — F. If F and F' are two normed vector space, £ < F means that F is
continuously embedded in F, i.e. that there exists a continuous injection from
E to F.

) L%/ = {(Ut)ogtgl S V[O’l] } fol ||Ut|’%/dt < +OO}

e [°(S%71) is the s-Sobolev space of S471.
e Y, is the spherical harmonic of order (I,m) (see Appendix B).
e |||, is the infinity norm. If f € L=(RY), || f]l.., = sup,ega |f(x)].

e A, (RY) is the space of m-covectors or m-forms of R, A™(RY) = A,,(RY)* is
the space of m-vectors of R? (see section 2.1).

e L(R?) is the space of linear applications of R%.

o ¢ is the m-dimensional Hausdorff measure of the space S (in this
manuscript, S will be R or R? x S9! and we will denote J#™ instead of
3" since there will be no ambiguity.)

o O™(RY) = ¢>°(R?, A™(R)) is the space of smooth, m-differential forms of R?.

13



Notations

o O (RY) = €5 (R, A™(RY)) is the space of €% m-differential forms of R,
vanishing at infinity, as well as the derivative up to order k.

o O (R?x S = € (R x S, A™(R? x RY)) is the space of €* m-differential
forms of R? x S9! vanishing at infinity, as well as the derivative up to order
k.

e X.. Given aset X in R?, X, = {z € R¥d(z,X) <¢}.

e 0X is the boundary of X. With these notations, X, = {z € Rd(z, X) =¢}.
e Py is the projection on X (when it is well defined).

e T, X is the tangent cone of X at point x € X. See definition 2.33.

e Nor(X,z) is the normal cone of X at point x. See definition 2.33

e Nor“(z, X) is the unitary normal cone, i.e. Nor*(x, X) = Nor(X,z) N S% 1.
See definition 2.33.

e Ny is the unit normal bundle of X. Given a set X with positive reach,
Ny = {(:p,n) |z € X,n € Nor”(X,x)}. This is a subset of R? x S9-1,

N )p(ln,N )C(yl,./\/' 3 " are respectively the planar, the cylindrical and the spherical
part of the unit normal bundle.

o 7x(x). If X is an oriented m-rectifiable set of R? and (ei(z),. em(x)) a
positively oriented orthonormal basis of 7, X, then 7x (z) = 61($) “Nem(x
is the m-vector associated with the orthonormal basis.

o Ty, (z,n) is the (d — 1)-vector associated with a positively oriented, orthonor-
mal basis of T(, ) Nx.

o ki(x,n), for 1 <i < disthei-th generalized curvature at x and in the direction
n of a set X with positive reach. See subsection 2.4.2

e [X] is the current associated with a rectifiable set X.
e 1y is the varifold associated with a rectifiable set X.

e N(X) = [Nx] is the normal cycle associated with a set X with positive reach.

14



Introduction

This thesis takes place in the context of computational anatomy, an active research
field which models and studies the biological variability of the human anatomy.
Computational anatomy draws its inspiration from the pioneer work of the biologist
D’Arcy Thompson [Thompson, 1917]. At that time, Darwin’s theory of evolution
was widely accepted in the scientific community. For D’Arcy Thompson, the biolo-
gists of the twentieth century were focused on genetic evolution and underestimated
the role of physical constraints in the morphogenesis (the process by which patterns
are formed). According to him, the observed variability in the inter-species anatomy
is not only the result of a purely random process but also accounts for mechanical
constraints. Those can be modelled as geometrical transformations that explain the
variability across the species (see figure 1). The term “computational anatomy” was
first introduced by Grenander and Miller [Grenander and Miller, 1998] and aims at
providing a mathematical framework to study the variability of anatomical struc-
tures among a population of subjects.

There has been a growing interest in computational anatomy in the past decades:
the recent development of acquisition techniques (among which Magnetic Resonance
Imaging, coherence tomography, Diffusion-Tensor Imaging, Functional MRI) enables
the imaging of new anatomical structures. Also, the ever-increasing accessibility
of these devices leads to a growing number of individuals for each structure and
allows for a mapping of the shapes’ variability that is almost representative of the
population. From there, it may be possible to indicate anatomical abnormalities
and this opens the way to an early diagnosis of diseases that cause or are caused
by unexpected deformations. A qualitative approach is not anymore sufficient and
one necessitates an automatized procedure for an analysis that fully exploits the
size of the database. This automation implies a quantitative approach, and thus a
mathematical modelling of shape variability and how to measure it.

This problematic is at the heart of computational anatomy. Formally, one esti-
mates from a “healthy” dataset a statistical model of the shapes’ variability. From
there, it is possible to provide statistical tests to discriminate between a pathological
and a normal shape variation. Of course, this is a very large and complex problem.
From a mathematical point of view, the measure of shapes variability necessitates
a framework that provides theoretical and numerical guarantees. From a medical
point of view, the relevance and the interpretation of such applications need to be
evaluated depending on the anatomical structure at stake. Yet, numerous studies
has shown promising results. Let us quote for example works on Alzeihmer’s dis-
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Fig. 1300 Polyprion,

Fig. 152, Scorpaena sp. Fig. 153}, Anripenia caprog.

Figure 1: From D’Arcy Thompson’s work. The variability of a fishes population is ex-
plained through geometrical transformations of the ambient space. The transformation is
represented via the deformed grid.
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ease [Qiu et al., 2008, Wang et al., 2007, Tang et al., 2014, Csernansky et al., 2004,
Csernansky et al., 2005], on DTI images [Durrleman et al., 2011a, Pennec, 2006,
Helm et al., 2006], heart malformations [Mansi et al., 2011], Down syndrom

[Durrleman et al., 2014, Durrleman et al., 2013] and retina layer for glaucoma di-
agnosis [Charlier et al., 2015a, Lee et al., 2017a, Lee et al., 2017b].

Shape Analysis through Large deformations

In its original formulation, computational anatomy is “a generative model
of shape and form from exemplars acted upon via transformations”
[Grenander and Miller, 1998].  In other words, we model a generative shape
that contains all the shared features of the dataset. This shape is often called
the template or the mean shape of the dataset. The observed variability is then
explained as the result of “random” deformations of the template. The statistical
analysis of a database is performed through the estimation of the mean shape,
jointly with the deformations that generate the database from the template.

The transition from this rather abstract idea to a mathematical formulation re-
lies on the construction of geometrical transformations that account for the shapes
variability. In this manuscript, we use more specifically the previous works of
Large Deformations Diffeomorphic Metric Mapping that we will write LDDMM
([Trouvé, 1995, Christensen et al., 1996, Dupuis et al., 1998, Trouvé, 1998] for the
seminal articles, [Youneés, 2010| for a summary of the concepts). In this framework,
the deformations are generated through the integration of time-varying vector fields
of R, (vt)o<i<t- This concept is close to fluid mechanics where we follow the path
of a given particle, initially at position z € R¢ and evolving through a velocity field
(v¢)o<i<1. The position at time ¢ of the particle is denoted ¢} (z), and the path is
given by the following equation:

ve e wee 0,1, 22—y o i 1)

with ¢f = Idga. The final deformation, ¢} is obtained with the integration at time
t = 1 of the previous differential equation. To ensure the regularity of the final
deformation, we need to assume some spatial regularity on the vector fields v;. In
fact, we will chose the vector fields as elements of a Hilbert space V' such that we have
the admissibility property: V — %, (R? R?). This embedding property guarantees
that the final deformation is a diffeomorphism ([Trouveé, 1995, Dupuis et al., 1998|),
and that the Hilbert space V' is in fact a Reproducing Kernel Hilbert Space of
vector fields ([Glaunes, 2005]). The theory of RKHS is recalled in the beginning
of Chapter 3. The appearance of a RKHS is good news, since it will simplify the
numerical implementations through the associated kernel K. V is endowed with
a norm ||.||;, that represents the infinitesimal cost of displacement, and we consider
deformation with finite energy, i.e. with velocity field in L?*: fol [ve][3 dt < 4o0.
The space of time-varying vector fields in V' with finite energy is denoted L2,. This

means that the set of deformations that we consider is exactly Gy := {3071’ ‘ v €
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L%/} where ¢} is obtained through integration of (1). It can be shown that this

is a (sub-)Riemannian manifold with geodesic distance between the identity and a
deformation ¢ € Gy:

dy (14,9 = inf / ol dt.
that we extend to a right-invariant metric on all Gy :

dGV(cpl,gog). d(Id,@Qowl = inf /Hthvdt

veL?
plop1=¢p2

(see |Arguillere et al., 2015] for more details). The Riemannian framework is
especially well adapted for a statistical analysis (|[Pennec, 2006]).

An elementary block for shape analysis is the problem of shapes registration:
given two shapes C' and S, find a physically relevant optimal deformation ¢ that
matches the two shapes. This problem is also interesting for itself since many ap-
plications in medical image analysis require a coherent alignment of images as a
pre-processing step, using efficient rigid or non-rigid registration algorithms. If we
fit this problem in the previous Riemannian framework, this writes:

1
arg min d(Id,¢)* = arg min / o[, dt
peGy vel?  Jy
p(C)=S ¢} (C)=S
where ¢Y is obtained through equation (1).

For applicative purpose, one does not want to perform an exact matching between
shapes as this imposes too many constraints on the deformations and would make
the procedure too sensitive to noise or artefacts. To relax this hypothesis, one needs
a data-attachment term that measures the residual distance between the deformed
shape and the target. In the following, we denote A this data attachment term.
Non-rigid registration is then classically tackled down by minimizing a functional
composed of two terms, one enforcing the regularity of the mapping (in our setting,
the energy of the deformation fol [ve||3, dt), and the data-attachment term which
evaluates dissimilarity between shapes A(p(C),S).

The inexact registration problem between two shapes C' and S then writes as
the minimization of

1
argmig/ ||vt||%/dt+A(<,0(C'),S). (2)
vely Jo

that also writes:
arg mir21 de, (Id, 07)* + A(p(C), S).
vE v

Defining good data-attachment terms is important, as it may improve the mini-
mization process, and focus the registration on the important features of the shapes
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to be matched. In the case of n landmarks (labelled points) in R¢ (i.e. C and S are
two sets of n points), a simple data attachment term is the Euclidean norm on (R%)":
A((z1, o mn), (Y1, Yn)) = Doy Nl — yil|2a. In the case of images, the L? norm

is the first idea: A(Iy,I5) = [,

anatomy, these were the main data-attachment terms (e.g. [Beg et al., 2005| for im-
ages, |[Joshi and Miller, 2000] for landmarks). However, it restricts considerably the
domain of applications since for landmarks it assumes points correspondence. This
was a motivation for other data-attachment terms that we will see in the next sec-
tion.

The design of an interesting dissimilarity measure between shapes is closely linked
to the question of shapes representation. This is of importance since it is the starting
point to the embedding of shapes in a space endowed with a metric. Let us illustrate
the problematic of shapes representation with a toy example: given a surface S, one
can consider it as an unstructured set of points, or as a submanifold with a tangent
space at each point. These two representations do not contain the same information
about S: the former encodes only an “order (7 information, whereas the latter
encodes a first-order information, i.e. a tangential information.

2
Li(x) —IQ(x)’ dx. At the beginning of computational

Geometric measure theory in computational
anatomy

In the past decades, computational anatomy has greatly benefited from the use of
geometric measure theory, where shapes representation (surfaces, curves, etc.) is
central. The main motivation in this field is to provide a mathematical framework
to consider variational problem involving surfaces. Let just mention for example
the Plateau’s problem: given a prescribed (m — 1)-dimensional border I', does a
minimizing area surface with border I" exist? To answer (positively) to this prob-
lem, new theoretical tools were developed in order to consider surfaces as elements
of a normed vector space, with nice properties such as compactness. Integral cur-
rents ([Federer and Fleming, 1960]) and varifolds ([Allard, 1972]) were introduced
for this purpose. The space of m-dimensional currents is the topological dual of some
space of m-differential forms, and an oriented submanifold S can be considered as
a current, denoted [S], through integration of differential forms over S:

[S)(w) = /S (w(z)[7s(x)) dA™ (2).

We recall that since S is an oriented submanifold, there exists a coherent orientation
of orthonormal basis of the tangent space at each point x € S. If e1(x), ..., e, () is
such a basis, then 7¢(z) = e;(z) A+ - Aey(2) is the m-vector canonically associated
with this basis. It can be shown that this expression is independent of the choice of
the positively oriented orthonormal basis.

We will consider in this manuscript the space of m-differential forms of R? that
vanish at infinity, and denote it QF'(R?). For the sake of simplicity, we will define
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the space of m-currents in R? as the topological dual of Q'(R¢) endowed with the
infinity norm. It is more restrictive than Federer’s classical definition of currents,
but it will be sufficient for our applications.

With this construction, m-submanifolds are embedded in a topological dual
(which is a vector space) and it remains to define an interesting norm on this space.
This has been extensively studied in [Federer and Fleming, 1960, Federer, 1969].

In [Vaillant and Glaunes, 2005, Glauneés, 2005] a new framework for dissimilar-
ity measures between sub-manifolds was proposed using kernel metrics defined on
spaces of currents. In this framework, shapes are elements of a dual Hilbert space
W', with an explicit scalar product thanks to a scalar kernel k,. If C' and S are two
m-dimensional, oriented shapes:

(180w = [ [ ol (oo, mslo) dotm @t ). (@)
and the dissimilarity measure d between two shapes is:
d(C,8)* = |[C] = (STl -

This setting is now commonly used in computational anatomy; its advantages
lie in its simple implementation, its parametrization-free representation and the
fact that it provides a common framework for continuous and discrete shapes (see
[Durrleman, 2010] for a computational analysis of currents and their numerical im-
plementation). However, currents are oriented objects and thus a consistent orienta-
tion of shapes is needed for a coherent matching. Moreover, due to this orientation
property, artificial cancellation can occur with shapes with high local variations.
This can even be quantified, as illustrated in [Charon, 2013| and reproduced in
figure 2: consider a closed, oriented rectangle, with length 1 and width . If we
denote R, this rectangle, and ||[R.]||;» the norm of the associated current, we have:

IRl = / ko(,y) (TR, (%), TR, (y)) dA (2)d A (y).

The scalar product between the tangent vectors of the vertical and horizontal part
vanishes. Moreover, if we suppose that the kernel k, is translation-invariant, this
gives:

IR = 2(Cw ]l — 2O, [Cualhw ) + 2(Cm ]I = 2([Crn, [Crrolhor )

where Cy, and Cy, are the two vertical segments and Cp,, Cp, the two horizon-
tal ones. When ¢ — 0, we have ||[Cy,]|| — 0 and ([Cp,], [Cw,])y» — 0 and
2([Cwi], [Cva)) s — I[Cri]llyy Which proves that

1Ry — 0.

Thus the norm of the rectangle for the kernel metric vanishes whereas the associated
shape is non negligible.
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Figure 2: A closed oriented rectangle with length 1 and width €. Due to the orientation,
when ¢ — 0, the norm for the kernel metric of the associated current goes to 0 whereas
the limit geometrical object is a segment.

This cancellation effect due to orientation may induce poor behaviour for a reg-
istration purpose. If one uses the kernel metric on currents as a data attachment
term, the registration may suffers from the cancellation effect, and we give two il-
lustrations of problems that arise. In figure 3, we perform a registration between a
blue circle and an orange circle with a spike (the target). We do not enter yet into
the details of such procedure, but we provide the result of such registration, with
the kernel metric on currents as data-attachment term. One can observe that the
spike is not matched. This is due to the cancellation effect: the spatial frequency
of the spike is high compared to the other part of the curve, and because of the
orientation, this feature vanishes in the space of currents. Another phenomenon
that may occur for the same reason is the “pinching” effect. In figure 4, we show
this time a matching of a circle with a spike to a circle. The obtained registration is
not satisfactory: with the metric on currents, it costs less to pinch the spike (so that
it vanishes in the space of currents) rather than to stretch out the spike in order to
match it well on the circle.

To deal with this problem, a more advanced model based on varifolds has been in-
troduced recently [Charon, 2013|. Varifolds are measures over fields of non-oriented
linear subspaces and will be reminded in Chapter 2. In this thesis, we propose to
use a second-order model called normal cycle for defining shape dissimilarities.
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(b) Result of the registration with the defor-

(a) Initial configuration mation grid,

Figure 3: Registration of a blue circle to an orange circle with a spike with a kernel metric
on current as dissimilarity measure. The spike is not matched since in the space of currents,
this feature is negligible for the kernel metric.

(b) Result of the registration with the defor-

(a) Initial configuration mation grid

Figure 4: Registration of a blue circle with a spike to an orange circle with a kernel metric

on current as dissimilarity measure. The spike is not pinched during the matching since in
the space of currents, it is negligible for the kernel metric.
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Curvature measures and normal cycles

Normal cycles find their roots in the seminal work of Federer [Federer, 1959], where
he provided a unified framework for curvature measures. Before 1959, curvature was
studied through two similar yet theoreticaly different formulas. The first one was
for convex bodies, where the Steiner formula expresses the volume of the e-offset
of a convex set as a polynomial in e ([Steiner, 1840]). Steiner defined generalized
curvature measures for convex sets as the coefficients of this polynomial. The same
formula was proved by Weyl for compact 4 submanifolds using Riemannian cur-
vature tensor ([Weyl, 1939]). If the result is analogous the theory behind is very
different and each case does not contain the other one. It was an important step
forward when Federer introduced curvature measures for a generalized type of sets
which encompasses both the convex and the ¢?-submanifold cases: sets with pos-
itive reach, that will be introduced in definition 2.31. The reach of a set X is the
smaller ¢ for which if a point z is such that d(z, X) < e, then = has a unique
projection on X.

In [Federer, 1959], Federer expresses the d-dimensional volume of the e-offset for
a set X with positive reach R. If we denote X. = {x € R?|d(x, X) < &} for ¢ < R,
and Px the projection on X and if we consider @@ a Borel set of R?, then

Vol(X, N P Q) =) a(d — i)Ci(X; Q)r" ™, (4)

=0

where «a(7) is the i-volume of the i-dimensional unit ball. The Cx(X;.) can be
interpreted as generalized curvature measures on the set X. It can be striking at first
that the only hypothesis of positive reach for a set allows to consider its curvature,
although it is a second-order information. However, the existence of a positive reach
implies much more regularity than it may seem as we will see in proposition 2.37.
A fundamental example of such regularity is that for a set with positive reach,
one can define a generalization of normal vectors at point x, denoted Nor(x, X),
and thereafter of unit normal bundle, denoted Nx: Nx = {(z,n)lx € X,n €

y

)

Figure 5: In blue the e-offset (or parallel body) of dark curve.
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Nor(z, X)N S}, N is an (d — 1)-dimensional set of R? x §%7!, independently of
the dimensionality of X. One should notice that this definition coincides with the
classical definition of unit normal bundle for a > submanifold of R

In [Zihle, 1986], Zahle showed that Federer’s curvature measures can be retrieved
by integrating adequate differential forms over the unit normal bundle Ny associated
with X: this is exactly the normal cycle of X, that we will denote N(X). With the
vocabulary of geometric measure theory, a normal cycle of a set with positive reach

is rigorously the current associated with its unit normal bundle, N(X) = [Nx]. A
normal cycle is thus an element of Q4 (R? x S 1), If w € QI ' (R? x S%°1), then

N(X)(w) = | X](w)z/N (W@, n)lmny (2,0)) A" (,n)

where Ty, (z,n) is the (d—1)-vector associated with a positively oriented, orthonor-
mal basis of T, ) Nx, the tangent space of Nx at (x,n). Zahle showed that there
exists explicit, universal differential forms (wy)i<x<q—1 such that

Ck<X, B) = N(X)(wkl_]legdfl).

These differential forms are called Lipschitz-Killing differential forms.

Representation of shapes with normal cycles

In this manuscript, we develop the representation of shapes with normal cycles
in the framework of computational anatomy, inspired by the previous work on
dissimilarity measure [Vaillant and Glaunes, 2005, Glaunés, 2005, Charon, 2013]
that we have recalled above. To a shape X, we associate its normal cycle N(X).
As previously said, the main advantage of the concepts of currents or varifolds is
that they encompass in the same framework both the continuous and discrete cases.
This is a nice feature since it provides an immediate and simple computational
setting to work with discrete curves or triangulated surfaces, coupled with strong
theoretical guarantees (e.g. convergence results of the discrete approximations
of a continuous shape). At first, the theory of normal cycles was only valid for
sets with positive reach. This is a limiting assumption since a shape as simple
as a unions of two segments has not positive reach. This prevents us for a
direct application of normal cycles in the case of discrete shapes. Hopefully, in
[Zéahle, 1987, Rataj and Zahle, 2001], the authors extended the notion of normal
cycles for sets that are union of sets with positive reach, using an additive property
of normal cycles.

With all these shape representations used in computational anatomy, it is natural
to study the relations between them. An important step forward is made in this
manuscript, where we draw a precise link between the varifold px and the normal
cycle N(X) associated with a submanifold X. We show that in some sense, fx
is a projection of N(X) that looses all the curvature informations. The projection
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operator is made explicit and this paves the way to a unification of the different
representations, as well as the associated metrics.

As we have seen above, normal cycles encode all the curvatures information
of a set with positive reach. This remains true for the generalization with dis-
crete shapes. In fact, normal cycles have already been applied to computa-
tional analysis of discrete surfaces to estimate curvature of surfaces approximations
[Cohen-Steiner and Morvan, 2003, Chazal et al., 2008, Morvan, 2008].

Kernel metrics on normal cycles

Once the representation of shapes with normal cycles is set for the continuous
and the discrete case, we focus on the metric that we can put on normal cycles.
For this, we follow the construction of kernel metrics on currents that was in-
troduced in [Vaillant and Glauneés, 2005, Glauneés, 2005]. A normal cycle being a
current (associated with a normal bundle), the construction is for the theoretical
part very similar: we define a Reproducing Kernel Hilbert Space W of differen-
tial forms, W — Qg_l(Rd x S§471). Considering the dual applications, we have
QY (R? x S%=1) € W', so that the space of currents Q47! (R? x S~ (containing
the normal cycles) can be seen as a subset of a Hilbert space with an explicit scalar
product thanks to the kernel. For current, the kernel is classically a scalar kernel
k, : R? x RY — R so that we retrieve the announced scalar product of equation (3):

(1O 1S = /C / ky(,y) (7 (@), 7s(y)) dA™ (2)s ™ ).

With the same construction for normal cycles, this leads to a scalar kernel k :
(R? x S%71)2 — R, generating a RKHS of differential forms W — QI~(R4 x S4-1)
such that

(N(C). N(S))yr = /N /N E((10), (9, 0)) (v (0, 10), 7 (31, 0)) A (2, w) A A (3, 0).

The kernel £ involves spatial points, x and y and normal points v and v. The “spatial
space” R? and the “normal space” S?! have different significations and should be
considered independently. That is why we choose k as a product of two kernels: a
spatial kernel k, : R? x R? — R and a normal kernel k, : S ! x S9! — R such
that k((z,u), (y,v)) = ky(z,y)kn(u,v) and the scalar product between two normal
cycles writes:

<N(C),N(5)>Wl=/N/N/fp(%y)kn(uw)<TNC(x7U),TNs(y,v)>d«%”d1(%U)d«%”dl(y,v)-
C S (5)

The spatial kernel k, has a similar role as in the scalar product for currents (see
equation (3)), and will mostly be a Gaussian kernel with width oy ky(z,y) =
exp (— |lz — ylI?/ o). The choice of the normal kernel k, is driven by two con-
straints. The first one is that the kernel should provide a theoretical and inter-
pretable formulae, as it is for the Gaussian kernel on the spatial space. For example,
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given a specific kernel k,, will the associated metric on normal cycles be able to
retrieve curvatures information? This is not immediate, as we may choose coarse
kernels for efficiency reasons, such as the constant kernel &, (u,v) = 1. The second
constraint, probably the most important, is that the obtained metric should be cal-
culable and not too complex for discrete shapes (discrete curves and triangulation
meshes). Indeed, normal cycles are a more complex shape representation that im-
plies an increasing complexity of the metric. This was expected, as we encode more
information on the shapes. However, this should lead to a reasonable increase of the
calculation time of the distance. These two constraints are not necessarily jointly
achievable. A kernel as simple as a constant or linear kernel will give a metric that
is easier to compute, but will provide less theoretical guarantees. On the contrary,
a good candidate for scalar kernel on S?! is a Sobolev kernel, associated with a
Sobolev space on the sphere H*(S971). This kernel provides a metric with strong
theoretical properties but we are not able to compute yet the scalar product for
triangulation meshes.

In this thesis, we develop kernel metrics on normal cycles with the use of three
normal kernel k,: Sobolev, constant and linear for curves. For surfaces, we study
mainly the constant and linear normal kernels.

As previously said, the Sobolev kernel is the one with the strongest theoretical
guarantees, as for example the universality of the associated RKHS of differential
forms W (see section 3.4). This property ensures that the norm on W’ is a proper
metric on normal cycles. This is not obvious at first since the framework of RKHS
provides an embedding W < Q37! (R% x 41, but the dual application QZ ' (R? x
Sa=1Y — W’ needs not be injective, resulting in a pseudo-metric only.

For the computational aspect, using an expansion in spherical harmonics, we
are able to provide an explicit metric on discrete curves with this kernel, but not
for triangulation meshes. That is why we introduced simpler kernels such as the
constant kernel (k, (u,v) = 1) or the linear kernel (k,(u,v) = (u,v)). They have the
advantage to be easier to compute in the discrete case, although the computation are
still involved for the linear kernel on triangulated meshes. At first, those two kernels
may seem too simple to have interesting properties. However, we are able to show
exactly to what extend second order information are encoded by the corresponding
metric. For example, in the case of surfaces, the metric on normal cycle with constant
normal kernel contains information associated with the mean curvature, whereas the
metric with linear normal kernel contains information associated with the Gaussian
curvature of the surfaces. An interesting and interpretable metric is then a metric
associated with the sum of the constant and linear kernel: k,(u,v) = 1 + (u,v).
It is noteworthy that up to a multiplicative constant, the sum of the constant and
linear normal kernels can be interpreted as a truncation at order 1 of the spherical
harmonics expansion of the Sobolev normal kernel.

Metrics with constant or linear kernels or the sum of the two kernels will be the
main studied metric in the applications.
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Computing the metric with discrete shapes

At this point, we have designed a dissimilarity measure between shapes that con-
tains specific curvatures information and which are valid for continuous and discrete
shapes. To apply this distance as a data-attachment term in the setting of compu-
tational anatomy, the next step is to explicit and implement the distance on discrete
shapes as unions of segments and triangulated meshes (as well as the gradient of the
distance for a minimization purpose). We provide in this manuscript the computa-
tion of the distance for discrete curves with the constant, the linear and the Sobolev
normal kernel, and for discrete surfaces with constant kernel, and a truncation with
the linear normal kernel. The scalar product between normal cycles involves inte-
grations over sets associated with the triangles, the edges and the vertices of the
discrete surfaces. To improve the calculation times, we compute an approximation
of the integration over the sets associated with the edges and the triangles. This
approximation is similar to the one of currents on discrete curves or surfaces. For
the sets associated with vertices however, we cannot approximate the integration.
Indeed, for triangulation meshes, this quantity is closely related to the angle of the
triangles and for now we have not interesting approximation with convergence result
when the size of the meshes goes to 0. This is the main reason why we compute
explicitly this part of the scalar product, and this is the limiting aspect to explicit
the metric on triangulated meshes.

In each case, the gradient is also computed, and we compare the complexity of
the obtained distance with the metrics on currents or varifolds. We observe that
the higher order representation with normal cycles leads to more intricate formulas.
However, the complexity remains similar to currents or varifolds (i.e. basically a
double loop on the faces of the discrete shapes), even though each step of the loop
involves two or three times more computations. The main difference with currents
and varifolds is that for the latter, each step of the double loop necessitates a single
evaluation of the kernels at the barycenters of the triangles, whereas for the metric
on normal cycles, it involves also the edges and the vertices of the triangles.

Registration and Atlas estimation with normal cycles

In concrete applications, this inexact registration problem will be discretized: the
shapes C and S will be unions of segments or triangulated meshes, which means that
they are encoded by a set of vertices and a connectivity matrix that specifies the
link between the vertices. Using approximation on normal cycles for the dissimilarity
part, we are able to express the data-attachment term || N (}(C)) — N(S)”‘QM as a
function of the vertices only. Also, to simplify the computation, we suppose that the
deformations act on the vertices only, leaving a rigid meshes for the discrete shapes.
With the Riemannian framework of Gy, and the previous approximation, one can
show that the optimal deformation of (2) is generated by a time-varying vector field
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v, that takes explicit expression with the kernel Ky : R? x RY — R:
Ut($) = Z KV(fE, xi,t)pi,t
=1

where the (z;)1<i<, € (R?)™ are the positions at time ¢ of the discretization points,
and the (p;¢)1<i<n € (R?)™ are auxiliary variables, called momenta. Moreover, as it
may be expected in a Riemannian setting, the energy of the optimal path (v;)o<i<1
is constant: V¢ € [0,1], lo |3, = |Jvol} = > ori1 PyoEKv(2i0, wj0)pio and finally, the
optimal deformation ¢} depends only on the initial positions of the discretization
points (z;)1<i<, that are fixed, and on the initial momenta (p;)1<i<n. Starting from
this initialization (x;, p;)1<i<n, one can retrieve all the trajectory of the path through
coupled differential equations that are called geodesic equations:

8951' B
at_’t — Z Ky (Zit, Tj)pje
j=1
Opir _ - e
ot 2 Vapiek (wie 200pi0)
j=1

Eventually, the inexact registration problem for discrete shapes can be written as a
function of the initial momenta only, and if we denote ¢! the obtained deformation
at time 1, starting with the initial momenta p = (p;)i<i<n, We obtain the next
registration problem:

N
arg  min > piKy(z,2)p] + g(2h(xr)1<ren)). (6)

(pi)1<i<NERHN 521

It can be solved with a geodesic shooting (to evaluate the functional, as well as its
gradient, see [Arguillére et al., 2015] and section 1.4), and coupled with adequate
minimization procedure. In this thesis we present examples of registrations for
surfaces with a large number of points (around 10 000) in reasonable time (from 1
to 3 hours).

In this manuscript, a full chapter (Chapter 4) focuses on experimental results
of registrations with normal cycles; and comparison with currents and varifolds
are made. The chosen examples show different properties of the metric on normal
cycles for an applicative purpose that may be an indication for future use. For
example, on the contrary to currents or varifolds, normal cycles are sensitive to
the boundaries of the shapes or to branching points. For a registration purpose,
the obtained matching takes into account the boundaries in a much more natural
way than varifolds or currents, and leads to a smoother deformation. One of the
consequences of this sensitivity is that normal cycles see topology changes. This can
be an advantage or a drawback depending on the certainty we have on the data.
Another property that was expected is that the metric on normal cycles is sensitive
to high curvature points, with as a result, more precise registrations, but also poor
behaviour when it comes to noisy data.
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The last part of Chapter 4 is a preliminary work on atlas estimation with normal
cycles. The aim of atlas estimation is, given a dataset of shapes, to provide a “mean
shape”, as well as deformations from the mean shape to the target shapes of the
dataset. This is the heart of the applicative side of computational anatomy, since
it allows to perform statistical analysis of a dataset of shapes, and a lot of works
have been done on different datasets of shapes or functional shapes (see for example
[Durrleman et al., 2013, Charon, 2013, Charlier et al., 2015b, Lee et al., 2017b]). In
this manuscript however, we focus only on the atlas estimation, the statistical anal-
ysis on a relevant dataset is postponed for future work. The first results provided
in this thesis are promising and indicate benefits of the use of normal cycles.

Organization of the manuscript and contributions of
this work

The work presented in this thesis has led to several publications: one in
a journal (published, [Roussillon and Glauneés, 2016]) and two proceeding pa-
pers (one published [Roussillon and Glaunes, 2015], one accepted for publication
[Roussillon and Glaunes, 2017] ). The materiel of these works are included in Chap-
ters 2 to 4. This manuscript is composed of four chapters.

Chapter 1

This chapter is a review on shape analysis as introduced by d’Arcy Thompson
[Thompson, 1917], and formalized by Greenander [Grenander and Miller, 1998]. We
recall the main considerations for the mathematical setting of shape analysis, and in-
sist on the field of Large Deformations Diffeomorphic Metric Mapping in section 1.2.
The construction of the group of deformations is recalled, as well as the geodesic
equation governing optimal path. The inexact registration framework is tackled in
section 1.3 in the general case, as well as the computational aspects in section 1.4.
The reader familiar with LDDMM and shape analysis can go straight to Chapter 2.

Chapter 2

Chapter 2 is where the shape representation with normal cycles is introduced. After
a brief recall of the necessary notions of differential forms and rectifiable sets in
section 2.1 and section 2.2, we review the currents and wvarifolds representation of
shapes, as well as their properties and discrete implementations in section 2.3. The
theory of normal cycles is fully detailed in section 2.4, starting with the description
of the unit normal bundle of a set with positive reach, and its associated normal
cycles and extending the definition to union of sets with positive reach which en-
compasses the case of discrete shapes. The normal cycles of union of segments and
triangulation meshes are detailed, as well as some approximations that will prove
useful for numerical implementations. In section 2.5, we study precisely to what
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extend normal cycles encode curvatures information of the shapes, as it was made
explicit by Zahle in [Zihle, 1986]. Introducing specific spaces of differential forms
in RY x S9!, we are able to interpret unsigned curvature informations as infinity
norms on these spaces. Finally, section 2.6 draws a precise link between the shape
representation with varifolds and with normal cycles. We prove that the varifold
of a smooth submanifold is, in a specified sense, the projection of the normal cycle
associated with this submanifold. This projection operator loses all the curvature
informations contained in the normal cycle.

Chapter 3

In Chapter 3, we introduce kernel metrics on normal cycles. Section 3.1 is a re-
minder of the theory of vector-valued reproducing Hilbert spaces, as well as possible
ways to define interesting kernels that generate Reproducing Kernel Hilbert Space.
Section 3.2 and section 3.3 are based on this reminder. Section 3.2 reviews the con-
struction of kernel metrics on the spaces of currents and varifolds, and their discrete
expression. In section 3.3, we define a kernel metric on normal cycles, using a scalar
kernel k that is a product of two kernels: a spatial kernel k, and a normal k,. The
properties of the metrics, depending on the choice of the kernel is studied in sec-
tions 3.4 and 3.5, notably the kind of curvature that is encoded with the constant
and linear normal kernels. After proving a convergence result for discrete approxi-
mations of a continuous shape in section 3.6, the scalar product for discrete shapes
is expressed in section 3.7. One can find the details of the calculus in Appendices A

to C.

Chapter 4

This chapter presents experimental results of curves and surfaces registrations, as
well as first results of atlas estimations for curves and surfaces. In section 4.1, we
recall the theoretical and computational framework for shape registration. We prove
the existence of a minimizer for the inexact matching problem with normal cycles
and detail the numerical implementation for our applications. Subsection 4.1.4 and
subsection 4.1.5 provide several examples of shape registrations with normal cycles.
We show the different specificities of the matching with normal cycles, such as the
consideration of the extremities or branching points, and the registration of regions
with high curvature. We compare the results with other dissimilarity metrics, and
we study the computational time. In section 4.2, we fit our data-attachment term
in the framework of atlas estimation, i.e. a mean shape given a dataset of shapes,
as well as the associated set of optimal deformations. We prove the existence of an
atlas for the forward scheme with hypertemplate as used in [Charlier et al.; 2015b]
and provide examples with sets of curves or surfaces.
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Chapter 1. Computational Anatomy

In the past decades, computational anatomy has gained a growing interest: the
development of new acquisition technologies induces an ongoing increase in the num-
ber of biological structures that can be imaged, as well as in the number of subjects
for each structure. The size of the database prevents from a manual analysis and
requires an automatized method. These new technologies facilitate the setting of
databases of a given anatomical structure that are almost representative of the
population variability. A statistical analysis would make possible the detection of
anatomical abnormalities and would pave the way to an early diagnosis for diseases
that cause or are caused by anatomical degradation. If the problematic is clear, it
raises nonetheless a lot of difficulties. First of all the data range at stake is very large
and can be as different as images (MRI, X-rays, ...), 3D meshes (triangulations,
volumetric meshes, ... ), tensors (Diffusion Tensor Imaging), fiber sets, geometrico-
functional structures (functional MRI for example) and so on. This variety has to
be kept in mind for modelling issues. Another difficulty concerns the problematic
itself and can be summed up in the following question: how to provide a math-
ematical framework that allows for relevant statistical analysis of shapes dataset?
In computational anatomy, the analysis of shapes variability is not based on the
shapes themselves but made through the deformations that map one shape to an-
other. Hence, the major modelling effort is transferred to the construction of a set
of deformations that will play the role of the “measure” of variability. Precisely, the
group of deformations is endowed with a (sub-)Riemannian structure that induces a
metric on shapes. A shape is then considered as an element of a (possibly infinite di-
mensional) manifold with a Riemannian structure. The Riemannian framework fits
well with the problematic of shapes analysis: geodesic between shapes illustrates the
deformation from one shape to another and the tangential setting provides efficient
statistical tools for the dataset analysis.

In section 1.1, we briefly overview the different approach for shape analy-
sis, and the mathematical embedding that allows to represent shapes in a struc-
tured set. An important part of this section focuses on Grenander’s approach
[Grenander and Miller, 1998] which is the analysis of shapes through deformations.
Section 1.2 focuses on the specific field of Large Deformation Diffeomorphic Metric
Mapping |Beg et al., 2005], [Miller et al., 2006]: the group of deformations is con-
structed from the integration of time-varying vector fields living in a Hilbert space.
It provides a Riemannian framework for deformations and the metric depends on
the Hilbertian norm.

For applications, the exact registration between two shapes is not appropriate: it
would implies too many constraints on the deformations and would make the match-
ing sensitive to noise. To overcome this and perform inexact registrations, one needs
a residual distance between a deformed shape and its target. This problematic is
briefly overviewed in section 1.3. It raises the problem of shape representation: we
need to embed the shapes in a space with an explicit distance. This space should
compensate for all the variability that is not taken into account with the model of
deformations. The use of currents and wvarifolds have been introduced in computa-
tional anatomy for this purpose. This will be studied more specifically in Chapter 2
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1.1. Shape Analysis

Fig. 152, Scorpaena sp. Fig. 153}, Anrigenia caprog,

Figure 1.1: From D’Arcy Thompson’s work. The variability of a fishes population is
explained through geometrical transformations of the ambient space. The transformation
is represented via the deformed grid.

and Chapter 3, where we introduce also a new dissimilarity measures using kernel
metrics on normal cycles. Section 1.4 focuses on the computational framework: what
are the available algorithms to perform inexact registration between two discretized
shapes in concrete applications 7

1.1 Shape Analysis

The notion of shape may reference a set of labelled or unlabelled points, a curve, a
surface, an image, a volumetric mesh, among other possible. In fact, the definition
of shape varies with the applications in mind and we are not interested in the
shape itself, but rather in its variability across the dataset. A first idea for shape
analysis could be to extract relevant numerical indicators from each shape of the
dataset (for example the volume, the diameter, the length of specific parts, etc)
and apply a post process on these figures. However, it is obvious that using the
whole geometrical information of shapes would improve the analysis. This remark
leaves the mathematician with the hard task of designing a framework to consider
shapes with all the interesting geometrical features and that allows for a statistical
analysis...
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1.1.1 A foundational example: Kendall’s triangles

Probably the first step forward in the mathematical analysis of shapes is the pioneer
work of Kendall. In [Kendall, 1984, the author focuses on the configurations of
labelled k-points in R™, namely (R™)*. His definition of shapes is the following:

“We here define ‘shape’ informally to be ‘what is left when the differences which
can be attributed to translations, rotations and dilatations have been quotiented
out.”

This means that Kendall is interested in the global shape of the configuration or
in other words in the configuration of k points up to isometries of R™. Since we are
looking only at the relative position of the k-points, one can suppose that they are
centered in their centroid. This reduces the degree of freedom and we can work on
R™k=1) The space of interest, that we will call “shape space” is then the quotient
space

sk (Rme*U \ {0}) /Sim(R™).

where Sim(R™) is the set of all the rotations and dilatations. The quotient topology
is a natural topology on ¥* . In order to describe this quotient topology, it is easier to
normalize the data first: if z = (21, ... 2z,_1) € R™*Y we consider o € Smlk=1)-1
where ||.|| is the Euclidean norm. For convenience, we will represent an element
z/ ||z|| € S™* D=1 as a matrix W € M,,;_1(R), each column being a point of the
configuration in R™. The fact that z/||z| € S™*~D=1 implies that tr(WW7) = 1.

Normalizing the data is equivalent to quotienting R™*~1 by the dilatations, and
the quotient topology on S™*~D=1 is the classical topology on the sphere, given by
the metric d(W;, Ws) = arccos (tr(W;W5)) (this is the Riemannian metric on the
sphere). We are then left to quotient this sphere by the rotations of R™, SO(m).
We denote p the projection from S™*=D=1 to §mk=1-1 /SO(m) = ©¥ . This is an
easy verification that the metric d is invariant by left composition with a rotation
of R™, namely if R € SO(m),

d(RWl, RWQ) — d(Wl, WQ)
This invariance implies that

= inf d 1.1
p(pW1, pWs) Reg(l)(m) (RWy, W) (1.1)

is a metric on ¥¥ that defines the same topology as the quotient topology.

Let sum up the process. We started with a metric set (X, d) (here S™(*=D=1)
and a group G that acts on X (here SO(m)) and such that the metric is left or
right invariant. Then under some conditions on the topology of the orbit, we can
“descend” the metric d on a metric p on X /G: p([x1], [22]) = inf,eq d(gz1, 22). This
is a classical construction to get rid of all the transformations that we do not want
to be taken into account.

34



1.1. Shape Analysis

Figure 1.2: Kendall’s representation of triangles: the class of triangles up to translations,
rotations and dilatations is isometric to the sphere S?(1/2). The geodesics on the sphere
give geodesics on 3 and one can follow the deformation between to triangles along the
geodesic.

In the case m = 2, Kendall notices that X% is a Riemannian manifold and the
metric p is explicit (see section 3 of [Kendall, 1984]). All this becomes even simpler
in the specific case of triangles in R?, namely ¥33: Kendall showed that 33 is isometric
to the 2-dimensional sphere of radius 1/2. This framework provides a representation
of triangles (up to translations, rotations and dilatations) in a space as simple as a
sphere endowed with its classical Riemannian metric. To each class of a triangles
corresponds a point on the sphere S?(1/2) (see figure 1.2).

This framework, besides its simplicity, suffers from several drawbacks. First of
all, the shapes we are working with are labelled points. In concrete applications,
this means that we have performed a pre-process to label the points, which is often
a manual procedure prone to errors or imprecisions. Moreover, the Riemannian
metric on Y% comes from a Euclidean metric. Hence, even though one shape is
obtained through a small non linear deformation of another shape, the metric will
not account for this proximity. These limitations are a motivation to go deeper in
the construction of shape spaces with interesting features for shape analysis.

1.1.2 Shape spaces and group of deformations

The previous example of Kendall’s shape spaces is an intrinsic way of defining
a shape space, with a Riemannian metric that we can call an inner metric: the
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shapes variability is measured directly on the shape manifold. This term is not a
standardized mathematical notion but is to distinguish with the outer metric that
we will see right now.

With so called outer metric, the difference between two shapes is “measured”
through deformations of the ambient space: how complex is a deformation to
match one shape to another. Thus, the quantification of the variability is made
on a group of transformations acting on shapes rather than on shapes themselves.
This concept is close to D’Arcy Thompson’s one and it was fully formalized by
Grenander |[Grenander and Miller, 1998|. The following briefly summarizes the
setting.

In this approach, we consider a set M, called “the shape space” constituted of
“shapes” living in R? and on which a group G of transformations of R? acts on the
left. This is a generic situation that encompasses various examples as points, images,
curves, surfaces, etc. Besides, we suppose that M is a homogeneous space under the
action of (G, or in other words that the action is transitive:

Vmo,my € M, 3g € G | g.my = my

In a modelling point of view, this means that the complexity of the deformations of
G is enough to explain all the shape variability in M. This may seem as a strong
assumption. However, the motivation behind is rather the following: the variation
observed across a set of shapes is the result of multitude of deformations of an “ideal
shape” mg. mg contains all the typical features of the set of shapes, and the shape
space M is the orbit of my under the action of GG, which means that G.my = M.
my is often called the template.

Let us now give example of classical shape spaces, as well as the description of
the action of G.

Example 1.1 (Landmarks). We define £,(R?) = {(z1,...,2,) € (RN)" | Vi #
j, xi # acj}. This is the set of n-labelled points in RY. The group of diffeomorphisms
G = Diff(R?) acts on the left on L,(RY): for every m = (z1,...7,) € L,(RY),
peG,
p.m = (p(x1), ..., p(xn))-
For d > 2, the action is transitive and L, (R?) is a shape space as previously

defined.

Example 1.2 (Images). Another classical example of shape space is the set of con-
tinuous images of R%. Consider Q a domain of R? and the space L*(Q2,R). The
group G = Diff(Q) acts on the left on L*(Q,R) as follow:

VI L*(Q,R),0p€G, pl:=Top .

Note that the set 1(€2) remains unchanged under this action. This obviously prevents
the action from being transitive. However, the set M = G.Iy is a shape space as
previously defined.
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1.1. Shape Analysis

This formal approach becomes fruitful when one sets a structure on the group G.
Suppose that G is endowed with a right invariant metric dg and consider a shape
space M that is the orbit of a template mg, i.e. M = G.mg. We denote Stabg(myg) :=
{g € G|g.mg =mye} the stabilizer (or isotropy group) of mg. To construct a distance
on M from the distance on GG, we start with the classical identification between the
homogeneous space M to G /Stabg(mg): an element [g] € G/Stabg(my) is uniquely
associated with g.mg € M. On G/Stabg(myg), we define

de /stabe (mo) ([91], [92]) == inf da(g, ).
9€lg1]
g'€lga]

Now if my,my € M and g1, go € G such that g;.mg = mq, go.my = mso, then we
define on M

dar(ma, mo) := da/siabe(mo)([91], [92]) = inf —da(g, g').

g.mo=m1
/
g’ .mo=mga

Using the right invariance of the metric on G, we get:

dM<m1am0): glg(f; dG(Idag)'

g.mi1=mz2

dys is thus a natural candidate to provide a metric on M. Moreover, it has a simple
interpretation: given two shapes m; and ms, we consider the “optimal” deformation
g, that is the one closest to the identity of G. The next theorem justifies the above
construction of d,y.

Theorem 1.3 ([Youneés, 2010], chapter 12). Suppose that dg is a right-invariant
metric on G, i.e.

Vg, 90,91 € G, da(90-9, 91-9) = da(90, 91),

and M is a homogeneous space under the action of G. Then dy; defines a pseudo-
distance on M. Besides, if Stabg(myg) is closed for the topology induced by dg, then
dyr is a proper distance.

Hence, the metric on G “descends” to a metric on M and allows for shapes
comparison. This is the starting point for computational anatomy. The next step is
thus to construct the group of deformation G and this will be seen in the next section.

Let us just remark that not all shape spaces in the active research field are
based on the action of a group of geometrical transformations. For example in an
overview of shape spaces, [Bauer et al., 2013|, the authors study the shape spaces of
geometrical closed curves in R%. They start considering Imm([0, 27|, R?), the space
of parametrized closed curves c : [0,27] — R? with V¢ € [0,27], |d(t)] # 0. One
can show that 7,.Imm([0, 27], R?) = €>°(]0, 2], R?). A classical (weak-)Riemannian
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Chapter 1. Computational Anatomy

metric on this space is the L? metric: at point ¢ € Imm([0, 27], R?), the local metric
G, is defined as:

Go(h, k) = / " (h(0), k(0)) | (0)]d6, Vh, k € T.Imm([0, 27], R?).

Of course the assumption of parametrized curves is not suited for shape analysis.
To get a parametrization-free framework, they quotiented out this space by the
group of re-parametrizations, namely Diff ([0, 27]), the space of diffeomorphisms of
[0,27]. The L? metric is right invariant under the action of Diff ([0, 27]) and descends
to a metric on B;([0,27], R?) := Imm([0, 27|, R?)/Diff ([0, 27]). This metric suffers
from a major drawback: the geodesic distance between two curves vanishes. This
means that one can link two elements of B;([0,2n],R?) with a path of arbitrary
small length. To overcome this issue, stronger metrics can be endowed in the initial
space Imm([0, 27], R?) as Sobolev metrics and are studied in sections 5 and 6 of
[Bauer et al., 2013], see also [Trouvé and Younes, 2011], 30.3.4.

1.2 Large Deformations

The previous section focused on the formalism of shape analysis through defor-
mations. In this section we tackle the construction of the group of deformations.
This is an active research field with different approaches. Let us first consider the
simpler case where the deformations are obtained through displacement fields.

A major contribution in the domain of shapes comparison was addressed by
Bookstein, [Bookstein, 1989|. In this paper, the author focuses on the interpolation
between landmark displacements: given two sets of labelled points (z1,...,z,) €
(RH™, (y1,...,yn) € (R*)", the aim is to find a vector field of displacement v such
that

x; +v(x;) =y, for every 1 <i < n. (1.2)

Of course, with no more assumption the problem is ill-posed. A classical way to
solve this is to constrain the problem by introducing an energy associated with
vector fields. The chosen vector field will be the one that fulfils (1.2) and that
minimizes the energy. In this spirit, Bookstein introduced a bending energy of a
vector field v, which corresponds to the energy needed to bend a thin plate by
a displacement v. This framework is in fact inspired by the Thin Plate Spline
(TPS) theory developed by Duchon and Meinguet ([Duchon, 1976, Duchon, 1977,
Meinguet, 1979, Meinguet, 1984]). The optimal vector field vy has a closed form
thanks to the radial kernel k(1) = r?logr? (k is the green function of the biharmonic
equation A%u = 0, i.e. A%k = (o). The total deformation of the ambient space is
then ¢ = Id 4 vy.

The pros of this construction is that the cost of an affine transformation is
zero, thus the TPS perform a “free” rigid registration. Moreover, it gives an
explicit pseudo-metric on the space of landmarks that allows for a statistical
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analysis. It has been successfully applied in medical imaging [Sprengel et al., 1996]
or for fingerprints comparison |Bazen and Gerez, 2003]. However, some drawbacks
prevent this method for an extensive application in computational anatomy. First
of all, this framework is valid only when shapes are landmarks, which means
labelled points. Most of the time, this labelling is made manually and is subject
to errors. Moreover, the total deformation ¢ needs not be diffeomorphic: foldings
may appear, which is a concern for applications.

The fact that the global deformation is not diffeomorphic is not specific to the
TPS model. In the case of image registration, Thirion [Thirion, 1998] developed
an algorithm inspired by a diffusion process. The registration is obtained with a
displacement field as for TPS and it is diffeomorphic only for small deformations. In
[Vercauteren et al., 2009], the authors introduced a diffeomorphic variation of this
algorithm.

The advantage of diffeomorphisms is that the transformation is one-to-one, and
preserve the structure of the shapes: the image of a surface is still a surface and more
generally the differential structures of the shapes are maintained. In the following,
we will overview the construction of a set G of deformations that is a subgroup of
the group of diffeomorphisms. This framework in the one of Large Deformations
Diffeomorphic Metric Mapping (LDDMM). Starting with a Hilbert space of vector
fields V', we consider all the diffeomorphisms flows of time varying vector fields.
The generated diffeomorphisms form a group G, with a right-invariant Riemannian
metric given by the Hilbertian norm of V. V can be seen as the tangent space of
G at the identity and its norm represent the cost of infinitesimal displacements.
This setting is drawn from mathematical mechanics where the flow of the time
varying vector fields represents the evolution of particles along a force field (see for
example [Arnold, 1989]). It was introduced in computational anatomy in the nineties
([Trouvé, 1995, Christensen et al., 1996, Dupuis et al., 1998, Trouvé, 1998]).

One should notice that other construction of groups of transforma-
tions could have been chosen, as for example conformal transformations,
[Sharon and Mumford, 2006]. However, in this manuscript we will restrict ourselves
to the framework of LDDMM.

1.2.1 Group of diffeomorphisms as flows of time varying vec-
tor fields

The original idea of LDDMM is inspired by fluid mechanics: if we consider the
evolution of particles along a time varying velocity field, the resulting deformation
at time one of the system will be obtained by integrating this vector field. And we
can defined an energy of this deformation: the integration of the infinitesimal cost
of displacement.

It is possible to write it in a more formal way: let V' be a continuous embedding
onto 6 (R, RY) (we write it V — €3 (RY, R?)) and suppose that V is a Hilbert space
of vector fields (e.g. a Sobolev space), whose norm ||.||,, represents the infinitesimal
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cost of displacement. We define L2, = {(Ut)ogtgl € viod fol o3 dt < —i—oo}, the

set of all time-varying vector fields with finite energy (with respect to the norm on
V). We define Gy := {p},v € L} with

opf _ v
ar o (1.3)
¢o = 1d

which means that we consider deformations at time one, with finite energy.
All this construction has been widely detailed for example in [Beg et al., 2005],
[Younes, 2010], Chap. 8. and following. The spatial regularity of the elements
of V' implies nice structure for the set Gy:

Theorem 1.4 ([Dupuis et al., 1998, Trouvé, 1995]). Gy is a group of diffeomor-
phisms.

By diffeomorphism we mean an application ¢ : R? — R¢ with a given regularity
(€1 or € for example) such that ¢ is invertible and ¢! has the same regularity
as .

The question is now how to endow a metric on Gy from the norm on V7 Let us
first remark that we are interested in the relative configuration of the shapes only,
which means that we consider right-invariant metrics on Gy. If d is such a metric,
and g,¢ € Gy, we have:

d(g,d) =d(gg",dg7") =d(1d,¢g'g"")

and we are left to design the distance from the identity only. As said previously,
the norm on V' can be seen as the cost of an infinitesimal displacement. Thus it is
natural to consider that the energy of v € L%, namely fol |[ve][3 dt is the cost of the
global deformation ¢j. We define

dcvad,so)—mf{( / ||vt||vdt) B -—90} (14)

where ¢} is obtained through integration of (1.3). We extend dg,, to a right invariant
distance on whole Gy via:

/2
day (¢, ¢") == dg, (Id, ¢ o o) = 1nf { (/ Hthvdt) ’ o =plo gp}

Theorem 1.5 ([Trouvé, 1995)). dg, is a metric on Gy. (Gy,dg,, ) is complete.

One can show that the distance between two diffeomorphisms of Gy is attained
for a v € L3, ([Younes, 2010], chapter 8). For such an optimal v, the norm |Jv|, is
constant along the path ¢t — |v.]|,;: Vt € [0,1], [|ve]ly, = |lvolly- de, can be inter-
preted as a geodesic distance: given two diffeomorphisms ¢, ¢" of Gy, the distance
da(p,¢’) is associated with an optimal path (¢})o<t<1 that minimizes the energy

1 2
Jo llvelly dt.
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Remark 1.6. The structure on Gy is close to a Lie group structure, with V =
TiaGy that would be a Lie algebra. However, the infinite dimensional framework
is intricate. In [Bauer et al., 2015/, section 7, the authors show that Diff2°(RY) :=
(Id + %COO(Rd)> N Diff>*(RY), modelled on the Fréchet space €>(R?) is a Lie group,
but this is not the case for Gy. In fact, the composition and the inverse operations
need not to be smooth on Gy .

In [Bruveris and Vialard, 2014/, the authors study the properties of the group of
diffeomophisms Diff y«(R?) = {¢ € Id + H*(R?), ¢ € Diff¢1 } where H*(R?) is the
Sobolev space of degree s, for s > d/2+ 1. Among others, they show that G sy =
Diff g« (R?), which means that with the construction of the group of diffeomorphisms
through integration of a time varying vector field living in H*(R?), we retrieve all
the Sobolev-diffeomorphisms.

Now, we set this framework in the one of shape analysis: consider a shape
mg living in R?, and Gy acting on my, generating an orbit M = Gy.mg. With
theorem 1.3, the distance on Gy induces a distance on M:

1
dM(m’ m/) = inf {/ ||Ut||%/dt ‘ (pzlj.m = m/}.
0

2
veLy,

For a computational anatomy purpose, it is necessary to find the optimal deforma-
tion ¢} (which exists) that matches the two shapes m and m’. Or put another way,
to find the geodesic path between m and m’. This problem can be seen as an optimal

control problem:
(

1
min  J(v) ::/ o3 dt
0

veL2([0,1],V)

d(pim) . (1.5)
o = (vi 0 0}).m

| p1-m = m', oy =1d

This equation corresponds to a geodesic path projected on the shape space.

1.2.2 Geodesic equations

The problem (1.5) is to find the geodesic path between two shapes m and m’. In
this section we express the geodesic equations that govern the optimal path. To
simplify the presentation, we will only consider the case of landmarks, i.e. M =
(R4)™. This case is not so restrictive. Indeed, every numerical implementation deals
with discretized shapes, represented as a finite number of points (and possibly a
connectivity matrix for meshes) and the optimal trajectories of these points will
follow geodesic equations for landmarks.

Suppose that we want to express the geodesic equations between m =
(x0,...,xy) and m' = (yo, ..., Yyn). Problem (1.5) reformulates:
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1
min  J(v) := w2 dt
veL?([0,1],V) ( ) /0 H tHV (1 6)
b= wi(r), 1<i <o, .

It is a priori an infinite dimensional optimization problem. However, it simplifies
greatly when considering the properties of the Hilbert space V' of vector fields. We
recall that V' is an admissible Hilbert space of vector fields, which means that we
have a continuous embedding V — % (R¢,RY). If so, one can show that V is a
Reproducing Kernel Hilbert Space (RKHS) (see [Micheli and Glaunes, 2014]). We
will study with more details this notion in Chapter 3. Let us summarize the main
properties of the RKHS here. There exists a kernel Ky : R? x R? — L£(R?) where
L(R?) is the space of linear applications of R?, and such that

— Vr,a € Ry Ky(y,z)a €V,
- V$ay S Rda K\/(l’,y) = KV(yax)a

n
d d T
- Va,...,2, € R aq, ..., € R?, E o Ky (z, 23), > 0,
i=1

- VZE,y,O{,ﬁ € Rda <KV('7'T>CY7KV(‘?y)B>V = BTKv(y,I)O{,

V= Span{KV(.,x)a, T, € Rd} for the norm ||.|],, .

The emergence of this RKHS simplifies the computations of the geodesic equa-
tions. In fact, one can show (|Glauncs, 2005]) that in the case of landmarks, an
optimal vector field takes the form:

Vg = ZKV(-7$j,t)pj,t (1-7)

j=1
where x;, are the current positions at time ¢ of the landmarks, and the p;, are aux-

iliary variables and are called momenta. Both z;; and p;, follow explicit equations
that are the geodesic equations [Miller et al., 2006]:

ii?z‘,t = Ut(xz',t)

. T (1.8)
Pix = —(dvt(iﬂi,t)) Pigt-

with v; as in (1.7). In term of kernel, the previous expression writes:

n
Tiy = Z Ky (is, Tj0)pje

=1

n T
Pip = — ( Z di (Kv (i, xj,t>pj,t)) Diyt-

j=1

(1.9)
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with dy(Kv(z,x;.)p;:) the differential at x of the application y — Kv(y,;+)pjs-
We see here that the geodesic equations are explicit through the kernel Ky and its
derivative.

The previous equations are obtained through the Fuler-Lagrange equation that
characterize the extremal paths of (1.5) (see [Arnold, 1989] for the study of the
Euler-Lagrange equation in the framework of classical mechanics). A Hamiltonian
formalism is possible, that focuses on the conserved quantities of the system. In our
situation one can introduce the reduced Hamiltonian:

Hr(q>p) = Z prV<$z> mj)pj'

i,j=1

where ¢ = (x1,...,2,) and p = (p1,...,pn). On geodesic path, H, is constant, and
equals the energy of the initial velocity field vg. In this formalism, the geodesic
equations writes

i(t) = aaz?" (a(t). p(1))

plt) = —(9;;’“ (a(t). p(1).

This is an ordinary differential equation and as one could expect, the geodesic
equations are parametrized by few parameters that are the initial positions of the
particles ¢(0) = (1, ...,2,) € (R?)" and their initial momenta p(0) = (py,...,pn) €
(RE)™.

In figure 1.3, one can observe the integration of the geodesic equations in the
case of 3 landmarks in R?, i.e. ¢(0),p(0) € (R?)3. The kernel Ky of deformation is
chosen Gaussian, with width oy = 0.5. The optimal vector field at time ¢ is expressed
through the current positions of the landmarks: v,(x) = Z?Zl Ky (x,x;4)pi+ where
z; and p; follow the geodesic equations (1.9). The integration at time 1 of the vector
field vy provides a deformation of the ambient space ¢y that we represent with a
grid.

To summarize this section, we have seen that the optimal trajectories (i.e. trajec-
tories with least energy) in the shape space of landmarks follow geodesic equations
that are explicit with the kernel Ky of the RKHS V. The Hamiltonian formalism
allows for a compact expression of these equations. They are parametrized by initial
positions and momenta. If the geodesic equations are explicit, we have not tackled
yet the expression of optimal path in concrete applications (exact or inexact regis-
tration). In section 1.4, we discuss the different algorithm to retrieve the optimal
deformation. But first, we briefly introduce the inexact registration problem.
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Figure 1.3: Shooting of 3 landmarks (represented with a dark square) with a Gaussian
kernel of size oy = 0.5. The initial momenta p(0) € (R?)? are represented with the three
arrows attached to the initial points. The trajectories of the landmarks are represented
with the dark curve. The integration of the geodesic equations provides a deformation of
the ambient space that is visualized through the grid.

1.3 Inexact Registration

The LDDMM framework is convenient since we focus our modelling effort on the
group Gy, and not on the shapes themselves. Thus, it can be applied to a wide
range of matching problems (images, landmarks, curves, surfaces, etc.). For now,
we have supposed that the shape space was homogeneous under the action of a group
of transformations. But of course, the assumption of exact registration between any
two shapes of a dataset is not realistic because it enforces too many constraints on
the deformations. Moreover, in case of artefacts or noisy data, the exact matching is
not interesting. That is why it seems necessary to relax this hypothesis and to allow
for inexact matching. This is classically done by introducing a data attachment term
A that will be a residual distance between the deformed shape p.m and the target
shape m’. In the general case, the new functional to minimize is the following:

1
min  J(v) ::/ [vel|? dt + A(p¥.m, m)
0

veLU?([O,l},V) (1.10)
O ot ot = 1d.
ot b

This is a compromise between the closeness of the final registration (quantified by
A(py.m,m’)) and the cost of the deformation (quantified by fol l[ve||3 dt). One can
casily see that a minimizer of (1.10) still generates a geodesic path (p;)o<t<1 on Gy.
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The next theorem tackles the existence of a solution for (1.10):

Theorem 1.7 (|Glaunes, 2005]). If, for every C, S, vi— A(}.C,S) is weakly con-
tinuous from L%, to R then (1.10) has a solution.

Of course, the optimal deformation will critically depend on the choice of A.
In the case of landmarks registration (Example 1.1), A can be the classical [
norms: A((x1,...,%,), (Y1, Yn)) = >ory i — yi||*. In the case of images (Ex-
ample 1.2), the L? norm may be a first choice: A(Iy, ) = [, [|11(x) — I(2)|]? da.
In the case of curves or surfaces, several dissimilarity measures have been developed
using kernel metrics on currents (|Glauneés, 2005, Durrleman, 2010]) or on varifolds
(|[Charon, 2013]). This will be recalled in Chapter 2 and Chapter 3. The aim of
this thesis is to design a new data attachment term A that takes into account the
curvature information of the shapes (curves or surfaces), using kernel metric on nor-
mal cycles. The advantage of such dissimilarity measure is that it will drive the
matching considering the curvature features of the shapes.

1.4 Computational Framework

In this section, we focus on the existing algorithms to obtain the optimal transfor-
mation between two configurations in the inexact matching problem (1.10). Let us
first notice that in applications, the data are always discrete (e.g. pixels images,
discrete curves, triangulated meshes, etc.) and for numerical implementation, the
data attachment term A is in fact a dissimilarity measure between discrete struc-
tures. Thus, the inexact registration problem always depends on a finite number of
points, namely the discretization points. Moreover, since the target shape is fixed,
A depends only on the shape that is being deformed.

1.4.1 Discretization of the inexact matching problem

For the sake of simplicity, and since it will be our study subjects, we focus on the case
where shapes are curves or surfaces. Two discrete shapes C' and S are represented by
a finite number of points, x1,...,xy for C and yi, ..., yy for S (notice that there
is no given correspondence between the points z; and y;, and even not the same
number of points in C' and S). The structure of C' and S is given by a connectivity
matrix that links the vertices z; or y;. For a shape C, the connectivity matrix M is
an x 2 (or 3) matrix, where n is the number of faces in C' and such that z,,, and
Ty, (and xyy,, in the case of discrete surface) represents the vertices of the face
number /.

To reduce the complexity of the matching problem, we suppose that a diffeo-
morphism ¢ transforms a discrete shape C' by moving each vertex z; to ¢(x;) but
leaving the rigid structure of the triangulation unchanged. This means that ¢(C')
is approximated by the triangulated mesh with vertices (¢(;))1<i<y and the same
connectivity matrix. The registration problem depends thus only on a finite number
of points: the current points (p(z;))1<i<n, and it writes
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1
avg iy [l dt -+ A (@)hciew). (1.11)
UEL%/ 0
where 7 is obtained through the flow of the vector field v,:

Aoy
ot
o = 1d.

v
= V¢ O Py

1.4.2 Optimization on the initial momenta and geodesic
shooting algorithm

Different strategies have been developed throughout the years to optimize (1.11).
In [Beg et al., 2005], the authors derive the Euler-Lagrange equation of the reg-
istration problem in the case of images. The gradient of E(v) = fol o3 dt +
1 1o 0 (¢¥)~1 — [1Hi2 is given, and the optimization procedure is made directly on
v € L%. The main limitation of this approach is that at each step of the minimiza-
tion, one needs to store the current trajectory t — v, on a grid associated with the
image. Moreover, the trajectory ¢ — ¢} has no reason to be a geodesic path before
convergence.

In [Glaunes, 2005], the author takes advantage of equation (1.7): the optimal
vector field has an explicit expression thanks to the kernel Ky and the current
positions of the points z;4:

n
Uy = Z Kv(-, l’z‘,t)pz‘,t

=1

where we recall that the p; are called the momenta. This reduces the dimensionality
of the problem, and the optimization can be made on the momenta ¢t — p;, rather
than on the vector field v;. However, there is still no guarantee that the path is
a geodesic before convergence. The computational cost of such procedures was a
motivation to develop greedy version of the LDDMM. In [Arsigny et al., 2006a],
the authors focus on a one parameter subgroup of the group Gy,. This is equivalent
to considering the generated group of diffeomorphisms by integrating stationary
vector field w € V. From there, algorithms are proposed to compute the (approxi-
mated) exponential map (i.e. computing the flow of the constant vector field) and
the logarithm map around the identity. This framework is valid only for small
deformation, but it allows statistical analysis through the log-Fuclidean metric: the
statistic is done on the constant vector fields u, and the metric on diffeomorphisms
is the Euclidean metric on the logarithms of the diffeomorphisms. This framework
was first developed for diffusion tensor images, [Arsigny et al., 2006b].

A major step forward was made in [Miller et al., 2006]: they found out that in the

LDDMM framework, the Lagrangian momentum is conserved. This conserved quan-
tity gives an equation followed by the p; ;, which allows for explicit geodesic equations
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that we have already seen in (1.9). The geodesic path depends on few parameters:
q(0) and p(0). This paves the way for new optimization strategy that relies on the
geodesic shooting ([Miller et al., 2006, Miller et al., 2006|, [Arguillére et al., 2015],
[Arguillere, 2014] chapter 7) and that we explain in the following.

We can rewrite the inexact registration problem (1.11) as depending only on the
initial momenta py = (P10, ..., Pno):

arg min J(pg) := pp Kv(qo, q0)po + g(q(1)) (1.12)
po€(R4)"
where ¢(q(1)) = A(el(q(0)),S5), qo being fixed, and the geodesic path
(p(t), q(t))o<i<1 being obtained through the geodesic equations

q = apHr(Q7p>7 p = _aqu((Lp)' (1'13)

This new formulation has several advantages. First, the minimization can be
done on the initial momenta only, which reduces the problem to a finite dimen-
sional problem. Moreover, at each step of the minimization, the trajectories are
geodesics, obtained through the integration of (1.13). Finally, the representation of
deformations with initial momenta is of great interest for statistical analysis. The
deformations are indeed parametrized by vectors in (R%)", where all the classical
statistical tools are available (e.g. [Durrleman et al., 2014]).

This new formulation requires to compute at each step the gradient of J with re-
spect to po. It is immediate for the first term pl Ky (qo, go)po, but it is more involved
for g(¢q(1)). Indeed, g(q(1)) depends on py through the integration of geodesic equa-
tions. The quantity that is immediately accessible is Vq1yg(q(1)). Starting from
Van9(q(1)), we can obtain Vpg(q(1)) with backward integration of the linearized
adjoint Hamiltonian system:

()= (G
2(1) = =V,m9(q(1)),
a(l)=0

S))

q(aqu>*O‘>
q(apHr)*a ’

(S5)

(1.14)

and one can show (see for example [Arguillere et al., 2015]) that «(0) =
—V,,9(q(1)). This allows to derive an explicit algorithm to solve the variational
problem of inexact registration. This algorithm is often called geodesic shooting.

We describe the geodesic shooting in the case of a fixed step gradient descent but
it can be set in any minimization procedure. We will go back to this consideration
in Chapter 4.
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Algorithm 1 Geodesic shooting with fixed-step gradient descent.

Input: ¢o (initial shape), § (step size)

Output: arg min, cgran J(po)

initialization: pg =0

repeat
Compute (g ( ), p(1)) through forward integration of (1.13)
Compute V41)g(q(1))
Compute pog( (1) t rough backward integration of (1.14)
Compute V,,J (po) = Ku(q0, q0)Po + Vpe(q(1))
Po < po — 6VpyJ (po).

until Convergence

1.5 Conclusion

In this chapter, we detailed the modelling aspect of computational anatomy and
focused on the construction of the group of diffecomorphisms Gy as well as the
geodesic equations that describe optimal paths in Gy, when projected on the Land-
marks shape space. Geodesic shooting allows to minimize the variational problem
of inexact registration in a computational framework. However, the crucial point of
the data attachment term has not been tackled yet in this manuscript. The next
two chapters address the question of geometrical shapes representation. This repre-
sentation is the first step to embed shapes in a space with an explicit metric that
will play the role of the data attachment term A. As explained previously, this data
attachment term is of importance since it drives the registration procedure (as it
can be seen for example in the geodesic shooting algorithm with the appearance of
Vo9(q(1))). The properties of A will have a major impact on the quality of the
matching. The contributions of the next two chapters is the design of a new data
attachment term A, using kernel metrics on normal cycles, that takes into account
the curvature information of the geometrical shapes (curves, surfaces).
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

In this chapter, we focus on three different shapes representations: currents,
varifolds and normal cycles. These notions are borrowed from the field of geometric
measure theory whose reference book is from Federer [Federer, 1969]. This field was
motivated in the second half of the 20th century by the calculus of variation, and
more specifically by the Plateau’s problem of finding a minimal area surface with
constrained boundary: given a closed (m — 1)-dimensional surface I' C R¢, find an
m-dimensional surface S of least area such that 05 = I'. Solving this problem was
a conceptual breakthrough. Indeed if the formulation is a classical minimization
problem with constraint, the main difficulty was to provide a theoretical setting to
embed surfaces in a topological space with nice properties. The specifications of this
framework are the following: define a space where the surfaces can be represented,
with a topology that allows some compactness properties for a minimizing sequence
of the Plateau’s Problem.

It is in this very spirit that Federer and Fleming developed the notion of integral
currents as a generalization of oriented surfaces [Federer and Fleming, 1960| and
positively answered the Plateau’s problem. However, the orientation of currents is
not always well suited to model surfaces. This is the case when considering soap
bubbles that merge together. The frontier between two bubbles cannot be oriented
in a way that is physically relevant. To overcome this limitation, one needs a general-
ization to non-oriented surfaces. This work was done by Almgren in [Almgren, 1966]
where he introduced varifolds, later developed by Allard [Allard, 1972]. The varifold
representation of surfaces allows to model film soap, and for example to prove that
given n volumes in RY, there exists an area-minimizing cluster for those volumes.
As convenient as these two settings may be, in this chapter we investigate the finer
shape representations of normal cycles. The theory of normal cycles originated from
Federer’s work on curvature measures |Federer, 1959] and was pushed forward by
Zahle [Zéhle, 1986] who gave integral representation of these measures: this is the
normal cycle. It provides another theoretical tool to represent surfaces and more
generally shapes, encoding higher order informations as curvature.

Currents and varifolds have been successfully used in the field of computational
anatomy to construct dissimilarity measures between shapes (see [Glaunés, 2005,
Durrleman, 2010| for currents and [Charon, 2013] for varifolds). In these articles,
an explicit metric is endowed in the space of currents or varifolds that gives a measure
of the shapes dissimilarity. This aspect will be studied in Chapter 3. The present
chapter focuses on the geometrical models.

Section 2.1 is a reminder of the vocabulary of differential forms. Section 2.2
recalls the concept of rectifiability as developed by Federer in [Federer, 1969]. Rec-
tifiable sets are generalizations of submanifolds in the measure theory point of view.
This is the appropriate notion of regularity, which we introduce for considering cur-
rents and varifolds in section 2.3. In section 2.4 we define the normal cycle of a set
with positive reach. In subsection 2.4.3, we extend the notion of normal cycles for
sets that are unions of sets with positive reach. This extension gives a setting that
allows to represent discrete shapes (union of segments or triangulation meshes) as
normal cycles. Section 2.5 focuses on the way the normal cycle encodes the curvature

20



2.1. Differential Forms

on the shape. In section 2.6, we investigate the link between a shape represented
as a varifold and a shape represented as a normal cycle. We will see that in some
sense, the varifold representation is a projection of the normal cycle representation.
This work paves the way for a unified framework for these representations as well
as the endowed metrics.

2.1 Differential Forms

2.1.1 Exterior algebra and m-vectors

This section is a brief reminder for differential forms, as it underpins the theory of
currents. Let us start with the tensor algebra. In the following, we denote T*(RY)
the vector space of k-linear forms of R?.

Definition 2.1 (Tensor product). The tensor product @ : T*(R?) x T'(R?) —
TF(R?) is a bilinear application defined as:

foglxy, ... xeuy, - u) = flo, . x) gy, -y

If (e1,...,¢eq) is a basis of R and (dz7, . ..dz}) its dual basis, then (dz}, ® -+ ®
dz} )i<i,..in<a is & basis of T*(R?). Moreover, if we denote T'(R?) := o0 TF(RY),
then (T(Rd), +, ®) is an algebra called the tensor algebra.

Definition 2.2 (The exterior algebra and exterior product). The exterior algebra,
A(R?) is the quotient of the tensor algebra T(R?) by the two sided ideal I, generated
by elements of the form f ® f. We endow this space with the operation called the
exterior product, A. The exterior product fulfils the following algebraic properties:

1. A 18 bilinear

2. N is skew-symmetric: if v,y € ARY), x Ay = —y A x.

The quotient of T(RY) by I can be decomposed as follows:

ARY = T(RY /T = ( QB T’f(R%) /I = @ (TR /1)

and we define the space of m-forms (or m-covectors) A,,(R?) := T*(R9)/I. The
exterior product provides a bilinear application A : A,(R?) x A;(R?) — Ay (RY).
Starting from this, one can define in another way the spaces A, (R?):

A(RY) = (RY)*, Ap(R?) = Span{us A+ Ay, | u; € (RY)*}

and one can see that a basis of A,,(R?) is given by (dz} A -+ A da} )i<iy<.<ip<d-
It is possible to construct in an exact similar way the space of m-vectors:

A™(R?Y) = Span{z; A - Az, | 2 € RY.
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An element 7 € A™(R?) is called a simple m-vector if it can be written 7 = x; A
AT Hw=ug Ao Ay, € Ap(RY) and 7 = 21 A -+ Az, € A™(RY) are simple
m-vector and simple m-forms, we have the dual pairing

(wiT) = det (us(2;)1<ij<m)-
Remark 2.3. We sum up here some consequences of the definition of A,,(R%):

e uy A+ Ay, = 0 as soon as u; = u; for some i,j. More generally, for any
permutation o of {1,...,m},

Ug(1) A= AN Ug(my = €(0)Ur A=+ A Upy.

d
e dim(A,,(RY)) = ( ) In particular, dim(Ay4(R?)) = 1 and is generated by the
m
d-alternate form det.

e One can identify A™(RY) and A*™(R%Y). ToT =121 A+ Ay, # 0, we asso-
ciate 7' the unique (d — m)-simple vector such that 7" = x|y A --- ANl with
(1, T, Yy .2 ) a positively oriented basis of R and |7| = |7/].

one gets that A,,(R?)* is isomorph to A™(R?).

A™(R?) is an euclidean space (and so is A,,(R?)), with the canonical scalar
product on m-simple vectors (denoted (.,.) ymgay OF simply (.,.) when there is no
ambiguity)

<U1 VANRRIVAY Um,, U1 VANRRIVAY Um> = det ((Ul : Uj)lgi,jgm)

where z - y is the canonical scalar product on R?. The norm associated with this
scalar product in A™(R?) is denoted |.|gm(ga) or |.|. Via the Riesz representation
theorem, we can associate to w € A,,(R?) a unique m-vector w such that Vu €
A™(RY), (w|u) = (W, u). A m-simple vector x; A- - Az, encodes all the information
of the oriented m-parallelotope generated by the vectors xq, ..., Ty, |21 A+ A x|
is the half of the m-volume of this parallelotope. In particular, if eq,..., e, is an
orthonormal frame, e; A --- A e, is of unit norm and contains all the information of
the oriented vector space span{es,...,en}.

Remark 2.4. The reader should pay attention: the notation A,,(R?) and A™(R?)
may be inverted depending on the references. With the Riesz representation the-
orem, we have an isomorphism between A,,(RY) and A™(R?). It is usually not
recommended to assimilate the two. However for our application, this identification
18 not problematic.

The dual norm of w € A,,(R?) coincides with the Euclidian norm on A,,(R%)

wl =" sup (w|7).
TEA™(RY)
IT[<1
In a geometric point of view, it may be interesting to consider the supremum over
m-simple vectors rather than over A™(R?), as an m-simple vector encodes a clear
geometrical information. This is the point of the mass of a m-form:

M(w) = sup {(wh} ‘ |7 <1and 7 simple}
TEA™(RE)
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2.1.2 Differential forms

Now that we have an object that represents the oriented tangent space, we can
define differential forms:

Definition 2.5 (smooth m-differential forms). The space of € m-differential
forms of R is 2™(R?) := € (R?, (A™R?)*).

For our purpose, we will consider a simpler space of differential forms:

Definition 2.6 (m-differential forms). The space of continuous differential forms
of degree m (or m-differential forms) wvamishing at infinity is QUF(RY) =
CO(RY, (A™RY)*).  This is a Banach space with the supremum norm |w|, =
SUD,cpa [w ()| for w € QF(RY). We also define Qi'y(R?) := (R, (A"R?)*) the
space of m-differential forms of class €%, with partial derivatives up to order k
vanishing at infinity.

If e1,...,eq4 is an orthonormal basis of R?, and w € Q7 (R?), then we can express
w in coordinates:

w(zr) = Z iy, (T)df N - Nda

where o, ;. € Go(R%R).

-----

Definition 2.7 (Pull-back of a differential form). Let w € Q*(RY), z € R? and
LA AT € A™(RY), @ a diffeomorphism of RY. The pull-back action of ¢ on w,
Yhw is:

<<,0ﬁw(x)‘ﬁ A A Tm> = (w(p(x))|dps. 1 A+ AN dpg.Tm)

Several operators on differential forms will be used in this manuscript We recall
them in the following. We define first the exterior derivative of a m-differential form:

Definition 2.8 (Exterior derivative). The exterior derivative is the unique operator
d: P™(RY) — 2™ R?) such that:

1. d coincides with the differentiation on €*(RY).
2. d(wy A ws) = dwy Awy + (—1)4810; A dws.
3. dod=0.

If w € 2™(RY) and its expression in the coordinates is
w(z) = Z Qi . im(x)dwfl A Ndxh

im>

then
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Definition 2.9 (Interior product). Let w € QF(R?) and X € €°(RY,RY), the
interior product of w by X is the (m — 1)-differential form vx defined as

txw(@)(ug A A1) = w(@)(X () Aug A A ty,)

Definition 2.10 (Lie derivative). Let w € Q7'\(R?) and X € €°(RY,RY). X gener-
ates a one parameter subgroup of diffeomorphisms ¢,. The Lie derivative Lxw of w

along X 1s
d
= 8] ().
X dt lt=0 i

2.2 Rectifiable Sets

In all this manuscript, m is a non-negative integer. We recall briefly the notion of
m-dimensional Hausdorff measure s#™. Let S be a set of RY. First, we define:

) . S —+oco
5" (S) = inf { Z&(m) (dla;n AZ) ’S C U A;, and diam A; < (5}
i=1

i=1

where a(m) is a normalization constant. Note that .7 (S) is non negative but can
be infinite. The Hausdorff measure is

H(S) :=sup H5"(S) = lim 5" (5).
5>0 0—0
This is a Borelian measure in R? and the d-dimensional Hausdorff measure coincides
with the classical Lebesgue measure: % = \¢.

The Hausdorff measure is of importance since it allows to consider sub-
dimensional volume in R%. For example, the Lebesgue measure of a curve in R3
is null but with the one dimensional Hausdorff measure, we retrieve the length of
the curve. Moreover, with the properties of the Hausdorff measure we can define
the Hausdorff dimension, dim , of a set X in R¢:

dim_,(X) = inf{s > 0] 5°(X) = 0} = sup{t > 0| 7" (X) = oo}.

For X a m-dimensional submanifold, #" coincides on X with the volume form of
X. For more details on the Haussdorff measure, one can see [Federer, 1969, 2.10.

We define now m-rectifiable sets, which are basically submanifolds defined via
Lipschitzian maps ([Federer, 1969], 3.2.14)

Definition 2.11 (m-rectifiable sets). A set X of R? is said m-rectifiable if there
exists (U;)ien a sequence of bounded sets of R™ and (f;)ien a sequence of Lipschitz
functions f; : Uy — RY such that ™ (X \ Ujenf(U;)) =0

Remark 2.12. In the references, this definition corresponds to the notion of count-
ably rectifiable set, but authors usually mean countably rectifiable when they write
rectifiable.
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2.2. Rectifiable Sets

Remark 2.13. There is an equivalent definition due to Federer ([Federer, 1969],
3.2.29): a set X is m-rectifiable if and only if €™ -almost all of X is contained in
a countable union of m-dimensional, €*-submanifolds.

If X is a compact, m-rectifiable set, we can consider for .7#"-almost every x €
X the tangent space of X at z, T, X ([Federer, 1969], 3.2.16 and 3.2.19), and an
orientation of X will be simply an orientation o, € {—1,1} of every tangent space
T, X such that the application z — (T, X, 0,) is ™ measurable on X. o, = 1 if|
and only if the orientation is the one induced by the canonical orientation of R¢.
Note that the orientation in the sense of a rectifiable set is far less restrictive than the
classical orientation for a 4! submanifold and that some unorientable submanifolds
can still be given an orientation in the sense of rectifiable sets.

The existence of a tangent space almost everywhere for a rectifiable set is closely
linked to the existence of derivative for Lipschitzian maps:

Theorem 2.14 (Rademacher). Let f : A — RY where f is a Lipschitz function and
A an open subset of R™. Then f is differentiable almost everywhere.

If f; : U; — X is a local Lipschitz map of the rectifiable set X, then for almost
all x € f(U;), T,X =Im (dfi( fi_l(x))>. The regularity of Lipschitz functions gives

a generalization of the change of variables formula. For this, we need first to define
the Jacobian of a Lipschitz function:

Definition 2.15 (m-Jacobian of a Lipschitz function). The m-dimensional Jacobian
Jnf(x) of a Lipschitz function f : R™ — RY at point x is defined almost everywhere
as:

Tnf(x) = |df (x)(er) A -+ Adf(z)(em))|

where eq, ..., e, 1S a positively oriented, orthonormal basis of R™.

Theorem 2.16 (Area formula, [Federer, 1969], 3.2.3 ). Suppose that d > m and let
A be a F-measurable set . Let u: A C R™ — R be an integrable function, and
f:R™ = R? Lipschitz. Then

/A w(x) I f (2)d ™ (x / Z z)dA™(y).

Remark 2.17. For u = 1, the area formula generalizes the area for a Lipschitz
image of a ™ mesurable set f(A):

Area(f(A)) ::/AJmf = » Card(z € f—l(y)>d=%”m(y)

The Co-Area formula handles the case where m > d and will prove very useful
since it allows slicing integrals.
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

Theorem 2.18 (Co-Area formula, [Federer, 1969], 3.2.12). Suppose that m > d. Let
f:R™ = R be a Lipschitz map, g : R™ — R an integrable function and A C R™ a
FC -measurable set. Then

) I fl2)dFC™ (x) = 2)dA™ Y z) | d#d(2).
| s @i /zew</fl(z)g” <>> (2

Note that this theorem can be extended to the case where f is a Lipschitz
function between two rectifiable sets X and W (|Federer, 1969], 3.2.22). We will
make use of the Co-Area formula later in this manuscript.

The framework of rectifiable sets is very convenient to work with since it en-
compasses both the smooth case (smooth submanifold of RY) and the polyhedral
case (e.g. triangulation meshes). Rectifiability is the right regularity for shapes to
consider currents or varifolds that we introduce in the next section.

2.3 Various Shapes Representation: Currents and
Varifolds

2.3.1 Currents

The concept of currents was first developed as a generalization of distribu-
tions.  Similarly to Schwartz’ theory of distribution, Federer and Fleming
[Federer and Fleming, 1960] defined the space of m-dimensional currents, denoted
9, as the topological dual of the space of smooth, m-differential forms with com-
pact support in R?, denoted 2™, endowed with the topology of €*-convergence
on compact subsets. A compact, oriented, m-rectifiable set X defines a current [X]
through the integration of differential forms on X ([Federer, 1969], Chap. 4):

[X](w) = /X (w(z)|rx (2)) 7™ (x) (2.1)

where 7x(x) = 1 () A+ - AT (), with (7;(2))1<i<m a positively oriented, orthonor-
mal basis of T, X. Suppose that f : U C R™ — X is a Lipschitz global parametriza-
tion of X, then

X1 = [ (w(rw)

If X denotes the same rectifiable set X with opposite orientation, we have
[X] = —[X]. A current T associated with the integration of differential forms over
a rectifiable set X (i.e. T' = [X]) is called a rectifiable current. We define also the
boundary of a current: if w € 2™ 9T (w) := T(dw). Since d*> = 0, T has no
boundary. If T"is rectifiable and 97T is rectifiable as well, T" is said to be an integral

of

oy

(W) A+ A ﬁ(u)>dul...dum.

O,
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2.3. Various Shapes Representation: Currents and Varifolds

current.

The space of currents is inherently endowed with the weak topology as the dual
of 2™. However this topology is not interesting for the Plateau’s problem since a
limit of rectifiable currents needs not to be rectifiable. It is possible to define other
topologies on this space. For example the mass of a current:

M(T) = sup {T(w)|w € 9™ M(w) < 1}

where M (w) = sup,epa M (w(z)). If T = [X] is rectifiable, then M(T) = 5™(X).
At first, one could think of the mass to define a distance between shapes. However,
if S and C' are two m-rectifiable sets, with empty intersection, then M([S] —[C]) =
HM(S) + A (C). This shows that M is not relevant for dissimilarity measure.
Also, the topology defined by M is too strong to have interesting properties such as
compactness. To overcome this, one defines the flat norm:

F(T) = sup {T(w)|w € 9™ M(w) <1, M(dw) < 1}.

The weak topology is weaker than the flat topology which is weaker than the
mass topology. The next theorem justifies the introduction of the flat norm.

Theorem 2.19 (Compactness theorem. [Federer, 1969 4.2.17). If K is a compact
set in RY, ¢ > 0, the set of integral currents with support in K such that M(T) +
M(OT) < ¢ is compact for the flat topology.

This compactness theorem is the heart of the existence of a solution for the
Plateau’s problem. However, for the purpose of computational anatomy, the flat
semi-norm is not convenient since it has no closed form. Moreover the sophistication
of the €*°-topology is not necessary. That is why we will simplify the definition of
currents for our use.

Remark 2.20. There is another approach to define currents: the one of flat chains
over a normed abelian group G, developed by Fleming in [Fleming, 1966]. Starting
from formal finite sum of compact convex oriented polyhedra with coefficients in
G, it allows to define currents with multiplicity in G rather than in Z as for the
currents defined previously. If G = 7Z, then this construction gives the same notion
of currents. We will not investigate this point of view.

The following definition of currents is the one that will be used in this manuscript.
Definition 2.21 (Currents). The space of m-currents in R? is defined as the topolog-

ical dual of QF'(RY) := €3 (R, (A™(R?))*), i.e. we consider QF(R?). T € QF'(RYY
maps every differential form w to T(w) € R and

T(w) < Or|wlls -
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

Now if X is a m-rectifiable set, let check that [X] is a current in the sense of
definition 2.21:

|[(X](w)| = ( (@)[7x (x)) dA™ (x)

/| 2)lrx (@) 4™ (2)
< Jlwllo, 2™ ().

Thus, [X] € QI (RYY.

Remark 2.22. The space of currents contains rectifiable sets, but also much more
irreqular objects. For example, the so-called “punk” current (figure 2.1) is not rec-
tifiable. In fact this remark prevents from the use of currents as it is for shape
analysis. For example, given two rectifiable sets C' and S one could think first of the
straight line joining [C] and [S] in the space of currents as the interpolation between
the shapes C' and S. However, this straight line goes through irregular objects that
have no geometrical meaning and thus have no interesting interpretation for shape
analysis.

Figure 2.1: The “punk” current, P: the support of the current is the blue oriented curve C,
but the tangential information in red does not correspond to the tangent space of the blue
curve. Indeed, if w € Q}(R) = o (w 7)) do#' (x) where n(x) is the normal
vector of C' at x. The punk current is not assocrated with the integration over the blue
rectifiable curve and thus is not a rectifiable current.

Approximation of the currents in a discrete setting

Definition 2.23 (Dirac current). Let z € R, o € A™(RY). For w € Q(RY), we
define 6% as follow:

0y (w) = {w(z)]e) .

A dirac current 0% contains a spatial information with = and a tangential infor-
mation through «. The dirac current is usefull to approximate discrete shapes. Let
illustrate this with a segment C = [a,b] in R?, oriented from a to b. For such C, we
have Vx € C,7¢(z) = |b | If w is a 1-differential form, we recall that the current

associated with C', [C] corresponds to the integration over C'.

[Cl(w) Z/C<w(x)\Tc(fC)>de%”1(x)
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2.3. Various Shapes Representation: Currents and Varifolds

We define an approximation of this integral, with an approximated current denoted

Clorrs a+b\|b—a
o [( (205 e

L)

a+b)/2

Remark 2.24. Of course, the notion of approrimation depends on the metric we are
considering. For now, we can suppose that 5€;fb)/2 approzimate [C] in the sense of

the infinity norm on QI (RY). Other metrics on the space of currents will be detailed

i the next chapter.
Now, if C is a union of segments C = U ,C;, C; = [a;, b;] with centre ¢; = %,
and f; = b; — a;, then we immediately get the approximation of [C] that we will use

in the numerical implementation:

C]appro:r = Z 65; (22)
=1

The same work can be done for triangulated meshes, and with the canonical identifi-
cation between A%(R?) and A'(R?) = R?, we obtain for 7 = U, T; with barycentre
¢; and orienting normal vector n;:

Tappros = Z Area(T;)0,.". (2.3)

Push-forward of a current

For a matching purpose, we will consider diffeomorphisms transforming our shapes.
In order to have a shape representation with currents that is compatible with a
registration problem, it is necessary to describe how a diffeomorphism acts on the
current associated with a shape. For this, we define two actions: the pull-back
action of diffeomorphisms on differential forms, and the dual push-forward action
on currents.

Definition 2.25. Let w € QU'(RY), z € R and 4y A -+~ A7, € A™(RY), ¢ a
diffeomorphism of RY.

e The pull-back action of ¢ on w, Y'w is:
(PPw(@)|m A~ ATy = (wlp(@)lde(x) () A= Adp(x) (1))
o The push-forward action of ¢ on T € QU (R, T is:
P (w) = T(pfw)

The push-forward action on currents is geometric in the sense that if X is a
m-rectifiable set of R, then ¢4[X] = [p(X)].
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

Cartan’s formula and variation of the metric for currents

An important point to tackle is the variation of the current [X] with respect to an
infinitesimal displacement of the shape X. For this, we consider the continuous case
and a smooth vector field v : R? — R?. ¢, is the resulting flow of the vector field
v. Let X be a m-dimensional smooth oriented compact submanifold of R%. We are
interested here in the quantity:

d

2| {ofixfw),
with w € Qf (R?). This expression can be computed using the expression of the Lie
derivative for differential form, namely :

t=0

Lyw:=—

#
dt :qutw.

t

Theorem 2.26 (Cartan’s Formula).
Lyw = t,(dw) + d(t,w).

Using Cartan’s formula and Stokes’ theorem, we get
d

i <¢§[X]‘w> = /X Ly (dw) + /ax Ly (2.4)

Now, in order to interpret this formula, let us anticipate the next chapter. We
consider that the space of currents is embedded in a Hilbert space W' with a scalar
product (.,.)y, providing a metric on currents, and specifically on shapes repre-
sented as currents. Using the Riesz representation theorem, the current of a shape
[Y] is canonically associated with a differential form wy and we have

d

S (oxm) =2 ()

A few comments can be made : first of all, the submanifold X needs to be oriented
since we consider its current, and we used the Stokes formula. The second term
expresses a specific behaviour on the border of X. Moreover, one can easily see
that only the normal component of v is taken into account in (2.4): indeed, if v is
tangent at X on every point, then the integrand vanishes. This remark shows that
the gradient of the metric is orthogonal to the shape X.

t=0 t=0

2.3.2 Varifolds

As mentioned and studied in [Charon and Trouvé, 2013, the orientation, inherent
in the concept of currents is a challenging issue in computational anatomy. Hence,
any matching problem between two shapes requires first of all a coherent orientation
for both shapes. Assigning coherent orientations between corresponding shapes can
be difficult or even arbitrary in some practical applications. More importantly,
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2.3. Various Shapes Representation: Currents and Varifolds

when using kernel metrics on the space of currents, this orientation issue can lead
to artificial cancellation in the space of currents. A high spatial variation of the
shape (compared to the typical size of the kernel used for the kernel metric) will not
be seen by the metric, due to the orientation. To overcome this problem, Nicolas
Charon proposed a model based on varifolds [Charon and Trouvé, 2013]. A varifold
can be heuristically seen as an unoriented distribution of measures with support in
the set of all unoriented tangent spaces of the shape.

To formalize this, consider the Grassmann manifold G(d, m): it is the set of all
unoriented m-dimensional subspaces in R?. It can be easily equipped with a metric
d. Indeed, for a subspace S € G(d,m), we associate the orthogonal projection
on S, denoted Pg. This is a linear application of R?. The distance d between
S,T € G(d,m) is then the Frobenius norm of the associate orthogonal projections
P S and PTI

d(S,T) = Y |(Ps)ij — (Pr)il*.
i,J
where we assimilate Pg and its matrix in the canonical basis of R¢.

We can now define varifolds, following [Allard, 1972].

Definition 2.27 (Varifolds). A m-dimensional varifold is a Borel finite measure on
the product space R x G(m,d). This is an element of 6o(R? x G(d,m))’.

A m-rectifiable set X of R? is canonically associated with a varifold denoted fux.
For all Borel subsets of R? x G(d, m):

px(A) = 2" ({z|(z, T,X) € A}). (2.5)

With the Riesz representation theorem, px can be associated with a unique linear
form on %,(R? x G(d, m)), still denoted jix:

px(u) = /){u(x,TxX)d%m(w), Yu € 6o(R* x G(d, m)). (2.6)

A varifold that is associated with a m-rectifiable set is called a m-rectifiable varifold.
With a varifold V, we define a Radon measure on R¢, |V||, called the mass of V.
For all Borel subset B of R?

VI (B) = V(x~(B)).
where 7 : R x G(d,m) — R%, (x,T) — z is the projection on R¢. In other words,
|V|| is the push-forward of V by 7 ||V| = mV.
Approximation of the varifolds in the discrete setting

Definition 2.28 (Dirac varifold). If (z,P) € R* x G(d,m), we define d(, py the
varifold such that:

Vu € €°(R? x G(d,m)), §z.py(u) = u(z, P).
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

As for currents, varifolds provide a representation of shapes that encompasses
both the continuous and the discrete cases. We use a similar approximation as in
(2.2), (2.3) for currents. If C = UP_,C; is a union of segments, with center ¢;, we

approximate He by e approx:

K¢ approx = Z Length(ci)5(0¢,<0i>) (27>
i=1
with < C; > the one dimensional space generated by C;.
If T =U},T, is a triangulation mesh, with barycentre ¢; for each 7;, then

KT approx = ZAfea(Ti)(S(qup)- (28)
=1

One should notice that all these approximations are explicit given the polygonal
mesh, and that they do not depend on the orientation given to each mesh.

Push-forward of a varifold

As for currents, the framework of varifolds allows to represent shapes in a dual vector
space. Moreover, it is possible to define the push-forward action of diffeomorphisms
on varifolds in a way that is compatible with the transport of shapes. If ¢ is a
diffeomorphism of R? and y a varifold:

Vu € G(R? x G(d,m)), pyu(u) = p(pPu)

where @fu(z,T) = |ng0(x)|u<go(x),dgp(x)(T)). If 11 is a rectifiable varifold, i.e.

1= px where X is a m-rectifiable set, we have
Prx = Hp(X)-

First variation of a varifold

Varifolds are naturally endowed with a notion of convergence, coming from the weak
topology on 6,(R? x G(d, m))’. This topology provides compactness properties that
can be usefull for a calculus of variation point of view. However the limit varifold
obtained after extraction needs not to be associated with a rectifiable set as explained
in [Buet, 2014], 1.2.2. In order to guarantee such regularity for the limit object, we
have to assume more regularity on varifolds. For this purpose, Allard introduced the
first variation of varifolds (|[Allard, 1972]). The link between the first variation of
a varifold and a generalization of the mean curvature will be briefly tackled below.
The interested reader can find more details in [Allard, 1972] and [Buet, 2014]. The
study of the kind of curvature that is contained in the first variation of a varifold is
interesting as this work will be done for normal cycles in section 2.5.
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2.3. Various Shapes Representation: Currents and Varifolds

If v € ¥R RY) is a vector field, consider ¢, the local 1-parameter group of
diffeomorphisms generated by v. The infinitesimal action of v on the mass of varifold
1 is

lpeghall -
t=0

For B a Borel set of R, one can see that the derivative at ¢t = 0 of ||¢u|| depends
linearly on v and one can show that

ol (B) = / divp v(x)dy(z, P)
dt t=0 BxG(d,m)

where divpv(z) = Y"1, (dv(x)(e;), ;) with (e, ..., en) an orthonormal basis of P.

Definition 2.29 (First variation of a varifold). Let u be a m-varifold. The first
variation of p is the linear form op : €} (R4, RY) — R

dp(v) :/Rd o )din(v)(x)d,u(x,P). (2.9)

The divergence of v on p, and thereafter the first variation of a varifold is closely
linked to the mean curvature. Indeed, if M is a smooth m-dimensional submanifold
of R, one defines the vector of mean curvature H as:

H(z) = — (divw Vj<x>)uj(x).

where (vj(2))1<j<d—m is an orthonormal frame of N,M = (T, M)* in R?. Now if v
is a normal vector field, 7.e. v is a section of the normal bundle, then:

divyyv=— (v, H).

A varifold p is said to have bounded first variation if du extend to a continuous
linear functional on %,.(RY R?). If so, we can associate with du a vectorial Radon
measure still denoted du. With the Radon-Nikodym theorem, we know that du can
be decomposed as a sum of an absolutely continuous measure with respect to ||ul|
and a singular measure:

As explained in [Allard, 1972], H is a generalization of the mean curvature vector
and dfusin, is associated with the boundary of .

First variation of a curve. Let us now illustrate this fact in the case of a smooth
curve in R?, parametrized with v : [0, L] — R?, with |¢/(t)| = 1, V¢ € [0, L]. Then
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

if y., is the varifold associated with v* = ([0, L]) and v € €}(R?,R?), v = vt 4+ 0T
with v the tangential part of v with respect to v and v+ the normal part of v.

S (V) = /divvv = /div7 (vT + UJ'>
v v

= /div7 vt + /div7 <ﬁ7‘> where v = 27{7‘
¥ v

—— [+ [T @t @) + [0 v

Y v v

—— [y + ) = = [ (o) + 01

:_/ﬁuﬂ+ﬁ@@»—ﬁﬁ@)

~

We have proven here that 6, = —H ||pt || + 0y (L) — 65(0)7'(0).

Remark 2.30. Besides giving generalization of the mean curvature, the notion of
first variation of a wvarifold provides a nice framework for compactness. Indeed,
if 1y is a bounded sequence of m-rectifiable varifolds, with bounded first variation,
then one can extract a weak convergent subsequence from the ji; such that the limit
varifold p is m-rectifiable. There is a guarantee that the limit object is associated
with a m-rectfiable set. One can find more details in [Allard, 1972] and [Buet, 2014],
theorem 1.13.

We have seen in this section that shapes can be represented as Radon measures
through the notion of varifolds. This representation does not require any orientation
of the shapes contrary to the notion of currents. Moreover, we have seen that the first
variation of a varifold encodes curvature information on the shape (scalar curvature
for a curve, mean curvature for a surface). However, the varifold associated with
a shape does not encode all the curvature information of the shape, even through
the first variation. For example, the Gaussian curvature does not appear in the first
variation.

The next section focuses on another shape representation: the normal cycle, also
borrowed from geometric measure theory. We will see that the normal cycle of a
shape encodes all the curvature information of the shape. Moreover, a theoretical
link between varifolds and normal cycles will be drawn in section 2.6.

2.4 Normal Cycles

Normal cycles were introduced by the pioneer articles of [Wintgen, 1982| and
[Zéhle, 1986], inspired by Federer’s work on curvature measure for a general type
of sets (set with positive reach)|Federer, 1959]. The normal cycle of a shape is
rigourosly the current associated with its normal bundle. The normal cycle encodes
curvature information of X; more precisely one can compute integrals of curvatures
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by evaluating the normal cycle over simple differential forms. This is explained by
Zahle in |Zahle, 1986] :“Although curvature measures describe second order proper-
ties of the sets, the first order theory suffices for deriving integral geometric relations.
The key is to consider the unit normal bundle of the sets as a locally (d—1)-rectifiable
subset of R? and to observe that the first order infinitesimal behaviour of the unit
normal bundle determines the curvature measures.”. Moreover, it has a canonical
orientation which is independent of the orientation of X (in fact X does not need
to be oriented).

The aim of this section is to introduce properly the framework to define the
normal cycle of a set with positive reach (subsection 2.4.1). Once this theoretical
background is set, we will see in subsection 2.4.2 how normal cycles can be use as
a shape representation. We describe the normal cycles of elementary shapes as a
segment and a triangle. The setting of sets with positive reach is too restrictive to
consider the normal cycles of polyhedral shapes. Hopefully, following the work of
Zahle, [Zahle, 1987], it is possible to generalize normal cycles for unions of sets with
positive reach that encompass the case of polyhedral shapes (subsection 2.4.3). In
2.4.4 we fit this framework in the field of computational anatomy i.e. we describe
the action of diffeomorphisms on normal cycles. The precise link between normal
cycles and curvature is postponed to the next section, 2.6.

2.4.1 Sets with Positive Reach and Unit Normal Bundle

The first step is to define a proper framework to consider shapes. For currents and
varifolds for example, this framework is the one of m-rectifiable sets. Here, as we
want to define a normal bundle associated with the shape, we will need a slightly
different framework, which is sets with positive reach. The reach of a set X C R? is
closely linked to the uniqueness of projection on this set for sufficiently close points.

Definition 2.31 (Reach). For ¢ > 0, we define X. = {z € RYd(z,X) < €} and
0X. = {x € RYd(x,X) =¢e}. The reach of X, denoted reach(X), is the supremum
of real numbers € > 0 such that there exists a unique projection of any x € X, onto
X. X is said to be a positive reach set if reach(X) > 0. If 0 < & < reach(X), we
denote Px : X. — X the projection application.

PR is the class of sets with positive reach.

Remark 2.32. If X is conver, Reach(X) = +4oo. If X is a compact €*-
submanifold, X has a positive reach.

On a set with positive reach R, we can roll a ball of radius less than R. Thus,
a set with positive reach can be seen heuristically as a set with bounded below
curvature.

Definition 2.33 (Tangent Bundle and Unit Normal bundle). Let X be a set with
positive reach.
1. The tangent cone of X at point z s

T,X = {veRd,V6>O,E|y€X,EIc>O,|x—y| < e and ]c(y—x)—v‘ <8}
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It is a closed cone ([Federer, 1959]).
2. TX ={(z,v):x € X,v €T, X} is the tangent bundle of X.
3. The normal cone of X at point x is defined as the polar cone of T, X :

Nor(X,z) := {u € R Vo € T, X, (u,v) <0}

Nor(X, x) is a closed convex cone.

4. The set of unit normal vectors is defined as Nor"(X,x) := Nor(X,z) NS¢ 1.

5 Nx ={(x,n) €e R" x §%1 v € X,n € Nor"(X,x)} is the unit normal bundle of
X.

Remark 2.34. For a €*-submanifold, the unit normal bundle defined here coincides

with the classical one, which is a (d — 1)-submanifold in the (2d — 1) dimensional
space R x ST,

Remark 2.35. If ¢ € )O(, the interior of X, then T,X = R? and consequently
Nor*(X, z) = 0.

Example 2.36 (Unit normal bundle of a curve in R?). We give here the description
of the normal bundle associated with a reqular curve in R%. Let v : [0,L] — R< be
the parametrization of a €% reqular non-intersecting and non-closed curve C' in RY.
On a regular point along the curve (i.e. y(t), 0 <t < L), one has Nor*(C,~(t)) =
A () N St For the singular part (i.e. the two endpoints), we denote S} =
{u € S| (u,v) > 0}. One can easily show that Nor"(C,~(0)) = wa,(o) and
Nor*(C,~(1)) = S;r,(l). These are two half spheres with a coherent orientation with
respect to the normal bundle (independent of the parametrization). See figure 2.2
for an illustration.

Figure 2.2: Illustration of the unit normal bundle for a regular non closed curve in the plane.
The curve is in blue, the unit normal vectors associated with four points are represented as
red arrows, and the resulting unit normal bundle is represented in red, with its canonical
orientation. Note that this representation is only illustrative, as the true normal bundle
belongs to the space R? x S! in this case

The generalized normal bundle Ny is a subset of R? x S%~1 ¢ R? x R?, and since

X is a set with positive reach, we can visualize Ny in R?% choose 0 < ¢ < Reach(X)
and consider the application
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(z,n) € Nx = x +en € R? (2.10)

Thus, the normal bundle can be depicted in R? using (2.10) by considering the
e-tube around the set X. This is the representation seen in figure 2.2.

Even if the definition of positive reach relies on few hypotheses, a set with positive
reach has remarkable regularity properties:

Proposition 2.37. Let X be a set with positive reach R > 0, and 0 < ¢ < R. 0X. is
a €' -hypersurface (a (d—1)-dimensional, €1 -submanifold in R?), with Lipschitzian
normal vector field.

Proof. We summarize here the main results of [Federer, 1959], 4.8. On X, the
projection Py is well defined. Moreover, if we denote §(z) = d(z, X) for every = €
X, we can rewrite: X, = {x € R¥d§(x) = e}. 4.8. (5) of [Federer, 1959] guarantees
that § is continuously differentiable on the interior of X, \ X, with Vi(z) = %;‘)(z).
Thus, 0X. is defined as an implicit € real valued function, with non zero differential,
and therefore is an hypersurface.

Moreover, one can show that the outward unit normal vector of 0.X, at point x
is given by n(z) = %ﬁ;m = Vé(x). And 4.8 (9) of |[Federer, 1959] states that V4
is Lipschitzian on 0.X.. Thus, 0.X. has Lipschitzian normal vector field. O

The next proposition draws a more precise link between 0X. and the normal
bundle Ny.

Proposition 2.38. Let X be a set with positive reach, 0 < ¢ < Reach(X) and Px
be the projection on X, which is well defined on X.. Then

—P
Pe - aXa _>NX Yy —> (PX(y)’ yf)((y))

15 bijective and bi-Lipschitz, with inverse mapping

g : Nx — 0X.: (x,n) — z + en.

This proposition is the key argument to obtain the next theorem, which is fun-
damental to define normal cycles.

Theorem 2.39. If X is a set with positive reach, Nx is a (d — 1)-rectifiable set in
R? x R%.

Proof. This is just an application of proposition 2.38 with proposition 2.37, and by
using the definition of rectifiability seen above: Ny is the image of the Lipschitzian
map g. of the €' submanifold 9.X.. O

Thus, to a set with positive reach, one can associate the current of its (d — 1)-
rectifiable unit normal bundle. To have an explicit expression of this current, we
need first to describe the tangent space.
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Orthonormal basis of T(, ,,Nx

In order to consider the current associated with N, it is interesting to describe the
tangent space T(,,)Nx of the normal bundle at point (z,n). Let us start by con-
sidering 0X.. It is a smooth hypersurface without border and thus it is canonically

oriented. For (x,n) € Nx, x+en € 0X. and we denote (bf(x, n)) the direc-
1<i<d—1

tions of principal curvatures of 90X, associated with the curvatures (k5 (z,n))1<i<d—1-
As explained in [Zdhle, 1986], b5(z,n) is independant of £ and we write it b;(z,n).
Moreover, we define k;(z,n) := lim. o k5(x,n). k;(x,n) expresses the curvature of
X at point z, seen with n as the reference direction. For example, if X is a closed
smooth surface of R3, oriented with a normal vector field x — n(z), then we have
ki(z,n(x)) = k;i(z) where k;(x) is the i-th principal curvature (signed). And one
can show that
ki(z, —n(x)) = —ki(z,n(z)) = —k;(z).

This means that the curvature considered with —n(x) as reference direction is op-
posite of the one considered with n(z) as reference direction.
[Zéhle, 1986] showed that an orthonormal basis of T(,,Nx is then

(o) bi(z,m) ki(xz,n)b;(x,n) i B
a;(z,n) : <\/1+k§(x,n)’\/1+k§(x,n)>’f L. d—1.  (2.11)

_ : 1 _ o) —
In case ki(xz,n) = 0o, we use the convention -—— =0 and == = 1.

Remark 2.40. A few comments can be made on this orthonormal basis. This
expression formalizes the fact that the first order information of the normal bundle
gives curvature information of the initial shape X through the k;(xz,n). We separate
two cases.

Let start with the degenerate case k;(x,n) = oo. It occurs if, and only
if ki(z,n) = L. This corresponds to direction b(z,n) such that 0X. N (z +
span{bf(a:,n),n ) 15 a circle with center x and radius €. For example suppose that
C is a curve in R3, (z,n) € Ng and 7(x) is a unit tangent vector of C at x. Then
b5(x,n) = 7(x) x n is a direction of principal curvature for OC. and kj(x,n) = <.
Heuristically, k;(x,n) = oo implies that the considered set with positive reach X is
of dimension less than d — 1 and the direction b;(x,n) is orthogonal to the tangent
space of X at x.

The case ki(x,n) # oo corresponds to b;(x,n) in the tangent space of X at x.
We see in the expression of the orthonormal basis of Nx that the curvature of the
set X mixes spatial and spherical components. If k;(x,n) = 0, i.e. if the direction
bi(xz,n) corresponds to a flat direction on X, then the spherical component of the
vector a;(x,n) vanishes.

We see with this remark that the information on the curvatures of the set X can
be read on the expression of the orthonormal basis of T(, ) Nx.
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Orientation of Ny

A last aspect to precise is the orientation. We recall that a current is an oriented
object, hence to define the current associated with the normal bundle, the normal
bundle needs to be oriented. Again, a nice property of a set with positive reach is
that its normal bundle has a canonical orientation which does not require the set
itself to be oriented. From now on, we denote by 7y the projection on the spatial
space, and 7, the projection on the normal space: 7 : (2,n) € R? x S941 s gz,
7 ¢ (z,n) € R x S1 s n. The unit normal bundle has a canonical orientation
arising from the orientation of 0.X. as follows: let (ey,...,e4) be the standard basis
of R% and (ay(x,n),...,aq_1(z,n)) an orthonormal basis of Ton)Nx (which is well
defined %~ !-almost everywhere on Nx). We say that (ai(x,n),...,aqs_1(z,n)) is
positively oriented if

((mo +emp)(ar(z,n)) A+ A (mo + emp)(ag—1(z,m)) Anyer A+ Aeg) > 0. (2.12)

This quantity is independent of 0 < ¢ < ReachX [Zihle, 1986]. Then a(z,n) =
ap(x,n)A---Nag—1(z,n) fulfilling (2.12) (independent of the choice of the orthonor-
mal basis verifying the last hypothesis) may be considered as a (d — 1)-vectorfield
orienting Nx.

2.4.2 Normal Cycle of a Set with Positive Reach

Before defining normal cycles, let us define decompositions of the spaces A'(R? x R?)
and A?(R3 x R?) and then of the spaces Qf (R? x S1) and Q3(R* x S?) into orthogonal
sums. These decompositions will prove useful to formalize the curvature information
contained in the normal cycles.

Proposition 2.41.
1. AY(R? x R?) = F! & F} where

Fl = Span{(%) ‘a € RQ}, Fy = Span{(g) )a € RQ} .

F} is called the planar space and Fy is called the spherical space.

2. N*(R3 x R3) = F} & F? & F} where

o {(2) 0 (D) s 20} £t (2) 1 (D s ).
F2 = span{((g) A (g) (a,ﬂ € R3}.

F} is the planar space, F? the cylindrical space and F} the spherical space.

These sums are orthogonal with respect to the canonical scalar product (see sec-
tion 2.1).
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

Definition 2.42.
1 QIR x SY) = W@ W with

W} = Span {w € O (R? x Sl)| V(z,n) € R* x S, w(z,n) € (le)*}

W is still called the planar space of Q4(R? x S*) and W the spherical space.
2. QB(R? x S%) = Wi e Wi WE with

W7 = Span {w € Qj(R* x $%)| V(z,n) € R* x ', w(z,n) € (F)*}.
W3 is the planar space, Wi the cylindrical space and W¢ the spherical space.

Remark 2.43. [t is possible to generalize this construction for Qg_l(Rd x S41Y;
QR x ST =W @ oWl
Wj_’f is called the planar space of Q31 (R? x S*1) and W the spherical space.

We will see in section 2.5 that each space (planar, cylindrical and spherical) will
allow to retrieve a specific kind of curvature when applied on a normal cycle.

Since Ny is an orientable rectifiable set of R? x R? (independently of any
orientation of X), we can consider its current, an element of Q¢ *(R? x R?Y,
which is called the normal cycle. For later considerations, we introduce also the
space Q4R x 471 = €O(R? x S A (R? x R%)*) and its topological dual
QI (R? x S471Y. Since integration of a differential form w over Ny only depends
on the values of w in R? x S9! it is equivalent to consider the normal cycle as an
element of Q4 (R? x RY)’ or QdH(RY x S4-1Y.

Definition 2.44 (Normal cycle). The normal cycle of a set X with positive reach is
the (d—1)-current associated with Nx. Ifw € Q4" (R xS is a (d—1)-differential
form on R? x S9! one has

N(X)(w) == Nx](w) = /N (w(@,n)|Ta (,n)) A (2,0) (2.13)
X
where Ty, (x,n) is the (d — 1)-vector associated with an orthonormal positively
oriented basis of T, Nx. For any Borel subset B C R? x S9! we also define the
restricted current N(X) 1p :

N(X)1p(w) == N(X)(wlp) (2.14)

Remark 2.45. In the previous definition of the restriction of N(X), wlp is not nec-
essarily continuous, which might seem as a problem given the definition of a normal
cycle. However, as explained in [Federer, 1969], 4.1.7, since N(X) is representable
by integration (here it is canonically associated with the rectifiable set Nx ), it is
sufficient for the differential form to be integrable over Nx.
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Thus, with normal cycles we have a tool to canonically represent sets with pos-
itive reach. One should notice that the unit normal bundle of a shape is a d — 1
dimensional object of R? x S9=! and every single part of the initial shape has a com-
ponent in the normal bundle that is not s#¢~! negligible. This is a major difference
compared to the currents or varifolds approach. Indeed, let consider any shape X
that is m-rectifiable, with border X that is m — 1-rectifiable. Since the current or
the varifold of X is a m-dimensional object, it will not take into account the border
of X that is strictly less dimensional. This is not the case with the normal cycle
since the unit normal bundle above the border is also d — 1 dimensional.

This property makes the transition from the representation of a single convex
cell (segment, triangle) to a polyhedral mesh not straightforward. Considering a
polyhedral mesh, the intersection of two cells is strictly less dimensional than the
initial cell. Thus, for a currents or varifolds representation, the intersection of two
cells is not taken into account. This makes the additive property immediate: the
current or the varifold of a polyhedral mesh is the sum of the current or varifold
of the cells. However, for the normal cycles representation, intersection also has a
component in the normal bundle and has to be considered. We need an additive
property (see subsection 2.4.3). Another way of seeing this is that an object as
simple as a union of two segments may not have positive reach. More generally, a
polygonal mesh has not necessary a positive reach, and we will need a generalization
of the definition of normal cycles to consider its normal cycle.

But first let us give the description of a normal cycle for elementary convex cells:
a segment and a triangle. This description is of importance since it is the basic for
the construction of normal cycles of discrete shapes (i.e. polyhedral approximations
of curves or surfaces).

Normal cycle of a segment

Let a,b € RY and C = [a, b] be the segment with extremities a and b. We denote
C = C'\ {a,b}. Following the reasoning in Example 2.36 one can make explicit the
normal bundle of C. The notations are the same as in definition 2.33: for z € C,
Nor(C,x) is a (d — 2)-sphere, orthogonal to C: Nor(C,z) = (b — a)* N S?2. For
x = a or b, Nor(C,z) is a half (d — 1)-sphere, oriented in the outward direction
to the segment: Nor(C,a) = S', and Nor(C,b) = S, ,, where we recall that
St ={ve S Huv >0}

Thus, the unit normal bundle is composed of two parts, a cylindrical part and a
spherical part. By cylindrical part, we mean a subset of the normal bundle whose
tangent spaces have one dimension in the spatial space and all the other dimensions
in the normal space. By a spherical part, we mean a subset for which the tangent
spaces all belong to the normal space. More precisely, No = N U NP" with
NP = C x ((b — a)* N S%1) (represented in red in figure 2.3 and figure 2.4)
and V" .= ({a} x SF,) U ({b} x Si ) (represented in green in figure 2.3 and
figure 2.4). These two parts are disjoint and the normal cycle N(C') satisfies N(C') =
N(C)¥ + N(C)**" with N(C)¥ := [Néyl] and N(C)*h .= [Néph].
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/

Moreover, we have N(C)¥ € (W{™')" c Qf '(R? x S41) and N(O)*" €
(ngl)/ C QI7H(RY x S971Y (with the notations of definition 2.42)

Nor*(C, a)

or*(C,b)

Not'(C, )

Figure 2.3: Illustration of the decomposition of the normal bundle of a segment in R? with
a cylindrical part (in red) and a spherical part (in green). Note that the actual normal
bundle lives in R? x S*

\ ;l\for"(C, a)

Figure 2.4: Illustration of the decomposition of the normal bundle of a segment in R? with
a cylindrical part (in red) and a spherical part (in green). Note that the actual normal
bundle lives in R? x S?

Normal Cycle of a Triangle

Let T be a triangle of R? with vertices o1, 22, 73 and edges : f1 = To—x1, fo = 3—29,
f3 = x1 — x3. The normal vectors of the face are : np = dﬁiiﬁ‘ and —np.

Note that the description of the normal cycle of a 2-dimensional polyhedral has
been studied in [Cohen-Steiner and Morvan, 2003]. The description of the normal
bundle of a triangle is quite straightforward. As illustrated in figure 2.5, it can be
decomposed into a planar part, composed of two triangles (in cyan), a cylindrical
part, composed of three “half” cylinders located at the edges (in red), and a spherical

part, composed of three portions of sphere located at the vertices (in green).

NE® = UgeporNot"(T,z) = T x {—np,nr},
l

_/\/’;y = U?:l[xia xi-i-l] X Sij}ian7
h

N;p = U?:l{mi} X St_1,—fz‘+1’
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S
“

(a) Representation of the normal bundle in (b) Separation of the normal bundle for better
R3. visualisation.

Figure 2.5: Illustration of the decomposition of the normal bundle of a dark blue triangle
into a planar (in cyan), a cylindrical (in red) and a spherical (in green) parts. Note that
the actual normal bundle lives in R? x S2.

where for any non zero vectors «, 5 € R*, we denote the semicircle S L+ (S 2Nat )ﬂ
{ul (u, ) > 0}, and the portion of sphere ST, = {u € S° (u,a) > 0, (u, 8) > 0}.
Note that f; and nr are oriented but this is not the case for fi X nr that represent
a vector located in an edge and oriented outward from the triangle (independently
of any orientation of the triangle). The sets N2, N and NP" have empty
intersection and we define the associate currents:

N(TY"™ = [NE") e (W2)'
N(T) = [NW’]e(Wf)’
N(T)*?h = ] e

UE
(r

We have straightforwardly N(T') = N(T )pl" + N(T)" 4+ N(T)*h.

We have seen the description of the normal bundle for segment and triangle.
Notice that as previously said, every part of the segment or the triangle appears
in the unit normal bundle: for a segment, the extremities are associated with half
spheres, and for a triangle the edges are associated with half cylinders, and the
vertices with portions of spheres. Starting from this description, we will see how to
consider the normal cycle of a polyhedral mesh.

2.4.3 Unions of Sets with Positive Reach and Normal Cycles
of Discrete Shapes

The theory of normal cycles can be extended to a class of sets containing unions
of sets with positive reach, as developed in [Zihle, 1987, Rataj and Zéhle, 2001,
Théle, 2008]. We briefly introduce this extension here, referring to these works for
all details. The Upg class is defined as the class of sets X which can be written as a
locally finite union of sets X;, ¢ € N, such that for any finite subset of indices I C N,
NierX; is of positive reach. In particular sets of positive reach belong of course to
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this class, and it contains also all finite unions of non-empty closed convex sets. The
normal cycle N(X) associated with a set X € Upg can be defined in a recursive way
so that the following fundamental additive property is satisfied:

Definition 2.46 (Additive property). Assume that sets X, Y, X NY are with
positive reach. Then we define

N(XUY):=NX)+NY)-NXNY) (2.15)

In the case where X UY is with positive reach, this definition is coherent : the
left hand side and the right hand side in the definition are equal. In the case of
a finite union of sets with positive reach: X = U, X;, belonging to Upp, it is
easy to see that any combination of unions and intersections of the X; also belongs
to Upg. Hence the additive formula allows to write a recursive expression for the
normal cycle of X, which can serve as a definition for normal cycle in this case: for
1 <k <n, one has

N(X; U UXgp) =N(X1 U+ UXp1) + N(X) = N(X; U U Xg1) N X5)

It is possible to define normal cycles in a more intrinsic way (see
[Rataj and Zihle, 2001]), using the index function: for a closed subset X C R¢,
r € R? and n € S9!, we define:

ix(z,n) =1x(z) (1 — limlim x (X N B(z + (¢ + 5)n,e))>

e—=006—0

where y is the Euler-Poincaré characteristic. One can find an illustration of the
index function in [Thile, 2008], Section 3.3.
The normal bundle of X € Uppg is then

Ny = {(z,n) e R x §¥ " tix(z,n) #0}. (2.16)

It can be shown ([Rataj and Zihle, 2001]) that Nx is a (d— 1)-rectifiable set and
the index function can be seen as a multiplicity function for the tangent space of the
normal bundle at point z, with direction n. For X € Upg, tx is locally integrable on
Ny (proposition 4.3.1 [Zihle, 1987]). We define the normal cycle for a set X € Upg
as

N(X)(w) := /N (ix(z, n)w(x,n)|Tay (z,n)) dA " (z,n) = (Nx]iex) (W) (2.17)

where we recall that when f is an integrable function, ([Nx].f)(w) := [Nx](fw).

Notice that when X is compact, [Nx]Lf is a current as well (an element of Q3! (R x

Sdfl)/).

ix(x,n) can be seen as the multiplicity of the tangent space of the normal bundle
at point (z,n), and is so that this definition of normal cycle is coherent with the
additive property (2.15).
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Decomposition of the Normal Cycle for Unions of Segments

The intersection of two non parallel segments is either empty or a single point. This
means that we can always consider the normal cycle associated with an intersection
of two segments. Thus, the formula (2.15) makes always sense when dealing with a
union of segments. However, this formula is not ready to use. In order to overcome
this difficulty, we introduce here a new decomposition of the normal bundle of a union
of segments. As we will see, this decomposition will make the additive property
straightforward and the normal cycle of each part of this cutting will be explicit.
In order to get a nice decomposition in the case of unions of segments, it is

convenient to define the normal cycle associated with the “open” segment C as:
N(C) := N(C) — N({a}) — N({b}). Since the normal bundles of {a} and {b} are

entire spheres, we see that N(C') expresses also as a sum of a cylindrical part and a
spherical part: N(C) = N(C)¥ + N(C)*"" with N(C)*" := —[{a} x S;_ ] — [{b} x
S+ .]. The sign — indicates that the spheres have an orientation that is opposite to
the canonical orientation of the sphere with outward normal vectors.

Now let C;U- - -UC,, be a union of n segments in R¢. We can consider without loss
of generality that the intersection of two segments C;NC} is either empty or composed
of a single point. Using the additive property (2.15) and the previous definition of
the normal cycles of an “open” segment, it can be easily seen that the normal cycle of
a union of segments can be obtained by summing the normal cycles associated with
open segments and vertices. More precisely, if we denote {vy,...,vx} the vertices
of UL, C;, our decomposition of the normal bundle satisfies:

N

N(CLU---UC,) = zn:N(C’i) +> N({vi}) (2.18)

J=1

Even though the additive property is now straightforward, we will go a bit further
in this decomposition, as it will prove to be more efficient with the kernel metric.
We can decompose (2.18) into cylindrical and spherical parts as follows:

N(CLU---UGC,) = (i N(Oi)cyl> - (i NG+ N({M)) (2.19)

Jj=1

This decomposition is sketched in figure 2.6.

Decomposition of the normal cycle for triangulation meshes

A slightly more complex decomposition is necessary for a union of triangles in R3.
We apply the same process as for the union of segments. Let T be a triangle of R?
with vertices z1, xo,x3 and edges : fi = vo — 21, fo = ¥3 — 29, f3 = v1 — x3. We
denote by e; the geometrical edges (i.e. unoriented) of the triangle. The normal

vectors of the face are : np = L2202 and —ny. First, we define the normal cycle of

- [f1X fal
an “open” triangle 7"
N(T):= N(T)— N(T).
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Figure 2.6: Decomposition of the normal bundle of a union of segments. In green, the
spherical part (of a single point and of an extremity) and in red the cylindrical part. Note
that this representation is only illustrative, as the true normal bundle belongs to the space
R? x S! in this case.

OT is a union of the edges (e;)1<i<3, and the description of its normal bundle has
been done right above: N(9T) =322, N(&) + 320, N({z:}).

3 3
N(T)=N(T) =Y N(@) - > N({z})
i=1 i=1
Since we know an explicit description of N(7'), N(é;) and N({x;}), we can express

N(T) as a sum of a spherical part, cylindrical part and planar part:

N(T) = N(T)™ + N(T)¥ + N(T)™",
with
Ng" = N =T x nr).
Nt = Ul {wi} x S5,

i—1,—fit1?

where S, ; = {u € 5% (u,a) <0, (u,8) <0}, and

N(T)yP'™ := [NZ] = [T x {*n7}],

3
N(T)cyl = — Z [ei X SiifanT},
i=1
_ 3 3
NIy == [} x ST, p ]+ N@)™,
=1 =1
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®

Figure 2.7: “Normal bundle” of an open triangle T in blue. The normal bundle above the
interior of the triangle, Ngln, are two triangles in cyan. The normal bundle above the

edges, ./\/';yl are three half cylinder, in red. The normal bundle over the vertices, N;p " are
portions of sphere, in green.

In figure 2.7 one can find an illustration of the normal bundle of an open triangle.

After the introduction of N(T") we can proceed as for a union of segments. Sup-
pose that 7 = U;%| T} is a triangulation where we require that the intersection of two
triangles is either empty, or a single edge or a single vertex. We denote (e;)1<j<n,
the edges and (vg)1<k<n, the vertices of the triangulation. Then one has:

nr Ne Ny
N(T) =) N(T)+) N+ N({ul)
i=1 j=1 k=1
With this decomposition, the additive property is straightforward.

Approximation of normal cycles in the discrete setting

In order to get a simple formula for the kernel metric for polygonal meshes, we
now approximate the planar and the cylindrical part of the normal cycle using
Dirac evaluation functionals in the space of currents. For this, let us define such
approximations:

Definition 2.47. For any z,a € RY, o # 0 and P € G(d,m), we define §, p. the
current such that for any (d — 1)-form w in R? x 4=t

0y pr(w) = /sl (w(z,n)|(v1,0) A+ A (U, 0) Av(n)) dHT™(n),

P

and

Opptolw) = /SH (w(@,n)|(v1,0) A~ A (U, 0) Av(n)) dH* " (n),

with S = SN Pt SI%; = S N {ul (u,a) > 0} and (vy,...v,) an orthonor-
mal basis of P, v(n) = (0, upms1) A ... A(0,ug—1-m) such that (vi,...Vm, Ui, -,
Ug—1-m, M) 1S a positively oriented orthonormal basis of RY.
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-

Figure 2.8: Decomposition of the normal bundle for two triangles with a common edge. In
this figure, the two normal bundle of the open triangles appear. Then, we add (only once)
the normal bundle of the open edge (the red cylinder and the two green half spheres).
Then we add ( only once) the normal bundle of the vertices of the edge (the two green
spheres). Note that if the triangulation is reduced to this two triangles, we should add the
normal bundle of the other edges of the triangles.

Now if we consider a union of segments C', we denote xy, ..., xn, the vertices of
Cand fi =52 —1rpn,1 <i<nc the edges of C (resp. S). For an edge f;, zs1 and
T2 are its two vertices. Moreover, we define ¢; = %(.’E ptx f2) the center of the edge

fi-

We will now define the following approximation of the normal cycles N(C'):

N(C)approa = N(C)™* + N(C)gh o (2.20)

with

1
Zz;t/aprom . Z Length Cz <fi>t-:
For a triangulation 7, T = UY T}, we denote (e;)1<;j<n, the set of edges of T
and (xy)1<g<n, the set of vertices . Given a triangle T}, we consider its three edges

1 f# and f?. The barycentre of each triangle T; is denoted b;.
The normal cycles of T is approximated as follow:

N(T) = N(T)™ + N(T)spproa + N(T Voppros (2.21)
with
n () (E) 5~ ()A(H)
prroz Z Area 5b“<T > Z 5(bunT ) ’ + 5 bu_nT ) ’
i=1
with ny, = f1 A f? and the notations of definition 2.23 and
Z%;mx ZLength €j)0c, <e;>t + ZZ —Length(f; (5c <fi>t—flxng,

=1 [=1
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2.4. Normal Cycles

This is an approximation for both the full cylinders (above the edges of the trian-
gulation) and the half cylinders (above the edges seen as border of the triangles).

In short, this means we approximate integration of the differential form in the
spatial domain by a single evaluation, and keep integration in the normal domain.
This choice can be intuitively justified by the following reasoning: when considering
a sequence of polygonal approximations of possibly non regular curves, the length
of segments will always tend towards zero but some angles between segments will
remain large. All this construction will simplify a lot the computation when we
derive a kernel metric on the normal cycles (Chapter 3).

2.4.4 Transport of Normal Cycles with Diffeomorphisms

We focus on the action of diffeomorphism on normal cycles. We have seen in the
section dedicated to currents the push-forward action of diffeomorphisms on cur-
rents. Since a normal cycle is a current whose support lives in R? x S9!, we will
use straightforwardly this action.

The question is: given a diffeomorphism ¢ and a shape X in R? what is the
action of ¢ on the normal bundle? Notice first that ¢ : R? — R? induces a diffeo-
morphism v : R? x §971 — R? x §9-1: for (z,n) € R% x §9-1,

do Tn
o) = (o) g )
[depz ]
where do; T = (dp;t)".
In the following, we consider ¢ 2-diffeomorphisms.

Transport of the normal cycles associated with a set with positive reach

We suppose first that X is a set with positive reach. Since ¢ is a ¢2-diffeomorphism,
©(X) is also a set with positive reach. Let x € X. One can show that if n €

Nor(X, x), then % € Nor(p(X), p(z)) so that we have ¥ : Nx — Ny(x).

1 is defined such that the action of a diffeomorphism ¢ on normal cycles satisfies:

p.N(X) = PN (X) = P[Nx] = [P(Nx)] = W] = N(p(X))

which is a geometric action as well.

It is possible to explicit this action: one needs to compute di)(, ). As we will
see, the second differential of ¢ is involved, which again is not surprising in view
of the link between normal cycles and curvatures. We will compute the differential
with respect to z: d (., and the differential with respect to n: d, ;). For this,

_Tn

Then, using the chain rule for differentials, and denoting n’ = ng“j—%” we get:
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

1 _ _
dnl/}(a:,n) = <O, W (dSOZT _ <n/, d(pr> n/))

and

Az = (dcpgc7 —dp Td*p,(., )T + <n doTd > )
where d?¢, is the second differential of . If we let P(ny+ be the orthogonal projection
on (n')*, we can write these differentials:

d:r:w(ac,n) (dgva p(n/)ld% d2¢x< )T />

d (2.22)
dn¢(x,n) = ( QO—T)
" lde; ]
To clarify the notation, let (z,n) € R? x S and (7,v) € R? x R? . We have

dp,.T

-
dw(x,n) ( ) = =T,

v J_dQO sz ( ) n +pn/ W

Transport of the normal cycles associated with a set Upp

It is possible to generalize the transport of normal cycles for sets that are unions
of sets with positive reach (subsection 2.4.3). Notice first that Upg is stable under
the transformation by diffeomorphisms: if ¢ is a ¢?-diffeomorphism of R? and
X € Upg, then p(X) € Upg (since the positive reach property is preserved by
diffeomorphisms).

To extend the transport of normal cycles to sets in Upg, we will consider the
definition of normal cycles seen in equation (2.23), using the index function. We
recall that for a closed subset X C R?, x € R? and n € S9!

ix(z,n) = 1x(z) (1 ~limlim x (X N B(z + (= + 6)n, s))>

where y is the Euler-Poincaré characteristic and the normal bundle of X € Upp is
then

Nx = {(z,n) e R x S¥ " tix(z,n) #0}. (2.23)

and is a (d — 1)-rectifiable set. We recall also that the associated normal cycle
N(X) is defined as:

NEO@) = [ il mute,n)lo (on) e @), @220
Nx
which means that N(X) = ([Nx]iex).
From there, we can define the action of diffeomorphism using the pull-back on
differential forms: given a diffeomorphism of R? ¢ and a set X € Uppr, we define the
action of ¢ on N(X):
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2.4. Normal Cycles

Vo € QR x ST, 9 N(X)(w) = N (X) (@) = N(X) (9Fw)
- / (i (, m (6 (2, ) | Aoy (2, )y A" (2, )

X

d ;Tn
" [|dez |

Notice that since the Euler-Poincaré characteristic is a topological invariant and
Y is a diffeomorphism, we can deduce that

where ¥ (x,n) = ((p(x) has been defined in the previous paragraph.

Lx<(L’, n) = L¢(X)(¢<I7 n))?

so that we have:

N(X)(#w) = /N (i, ) (8, 1)) | oy 7o () ) P (2, m)
— [ et ) 0 o)

_/ (toix) (@', 0w (@', 1) |Ta, x) (@, )y dA (2 )
P(Nx)
= N(p(X)).
The action is thus geometric and we have:
P.N(X) := Y N(X) = N(p(X)).

This means that we can straightforwardly extend the action of diffeomorphisms of
R? on normal cycles to Upp by taking into account the index function ¢x.

Variation of the metric for normal cycles

We are interested here in the infinitesimal variation of the normal cycle under the
action of a vector field v. v generates a one parameter subgroup of diffeomorphisms,
(t)o<t<e. As explained for the variation of the metric for currents, the quantity of
interest is

d

dt

where we anticipate again and suppose that our normal cycles are embedded in
a dual Hilbert space W’. With the canonical isometry Ky : W' — W we can
write (¢¢. N(X), N(S)) - = (6. N(X)|KwN(S)). Thus it is sufficient to express the
quantity

(00 N(X), N(S))w

t=0

(90N (X)|w)

t=0

81



Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

for w € QP (R x §9-1).

Since in our framework shapes are represented as current over the normal bundle,
we can use equation (2.4) to compute the variation of the metric. Given a vector
field v of displacement of X, we only have to express the resulting displacement v

of the unit normal bundle Ny.
We will show that

- v(x)

= 2.2

o(z,n) <—pnl o dvf(n)) (2.25)

which means that a point z of the spatial space is transported with v, and a corre-

sponding unit normal vector is transported with the transpose of the differential of
v at point x and projected on the orthogonal space of n.

To prove this, we start with the flow of diffeomorphisms ¢; generated by v. It

induces a diffeomorphism v; on the normal bundle:
d(¢e); " n
Hld(¢0)z 0l

If we derive with respect to the time at ¢ = 0 this expression, we get the vector field
displacement © of the normal bundle:

Yi(z,m) = (d)t(if)

o(x,n) = %L:Owt(x,n) = (v(x),%

d(¢e),
t=0[|d(¢e); "l

Using the same chain rule as for the derivative of 1) with respect to x, and the fact
that %‘ d(¢y), = dv,, we obtain the result.
t=0
Thus, with (2.4) we get immediately :

Gl eevcow = [ s+ [ )

dt t=0 NX 8/\/)(
Since ONx = ), we get

Theorem 2.48 (variation of the metric for normal cycles). Let X be a m-
dimensional compact submanifold of R?. v a smooth vector field of RY and ¢, its
associated flow. Then

d

dt

where w € QTR x S71)

(60 N(X)|w) = /N 1a(dw) (2.26)

t=0

Now, if we explicit the last expression :

d
G|, N = [ ofan

t=0

= /N (dw(z,n)|0(z,n) Aay(z,n) A Aag_i(z,n)) d# (z,n)
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2.5. Curvatures and Normal Cycle

where (a1(z,n),...,a4-1(x,n)) is an orthonormal frame of T, . Nx. If v is a tan-
gential vector field, one can show that %’t:(} (¢ N(X)|w) = 0.

To conclude this section, we have seen that the theory of normal cycles allows to
represent shapes as currents with support in R% x S4=!. The additive property allows
in particular to include polygonal meshes in the setting, and thus to consider both
continuous shapes and their discrete representations in the same framework. This
representation is independent of the initial orientation of the shapes, and encodes
curvature information. Moreover, it can fit well in a matching problem with an
explicit action of diffeomorphisms on normal cycles.

2.5 Curvatures and Normal Cycle

2.5.1 Lipschitz-Killing curvature

Here we formalize more specifically the link between the normal cycle of a set X
with positive reach, and its curvatures. For this purpose, we define some nvariant,
universal differential forms on R x S41 the Lipschitz-Killing forms.

Let (z,n) € R? x St We set e;(z,n), ..., eqa_1(z,n) € R? such that (e (x,n),
..., eq_1(x,n),n) is an orthonormal basis of R¢, and we denote

(2.27)

where we omit the dependency on (z,n). This enables us to define a polynomial in
the real variable ¢:

I/(t) = (61 + Zf€~1) VAR (Ed—l + téd_l)

which is a (d — 1)-vector field in R? x S9~1. Even though the (e;)i1<i<q_1 are not
uniquely defined (an orthonormal change of basis is still a valid candidate), the
expression of v is independent of the choice of this orthonormal basis, and thus is
well defined.

For 0 < k < d — 1, we denote v, the coefficient of the monomial t*~*~! of v, and
define the (d — 1)-form wy, which is canonically identified to the (d — 1)-vector field

Vg

Wk = (d — k)ad_k
where «y, is the volume of the k-dimensional unit ball.

Definition 2.49 (Lipschitz-Killing forms). wy, 0 < k < d — 1 is called the kth
Lipschitz-Killing form. The Lipschitz-Killing forms are euclidean motion invariants
(see [Morvan, 2008/, Chap. 19).
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

Remark 2.50. Notice that with this decomposition, and notations of definition 2.42,
we have

1. for d =2, wq has values in F} and wy has values in F.
2. for d =3, wy has values in F}, wy in F} and wy in Fy.

We can sum up the results of Federer and Zéahle on these curvature measures in
a theorem (see [Federer, 1959, Zahle, 1986, Zahle, 1987])

Theorem 2.51. If X is a set with positive reach R > 0 and ¢ < R, B a Borel set
of R, we have

d
Vol (X N B).) = Y axCai(X; B)r (2.28)
k=0
where C,(X; B) = N(X)L1gyga1 (wy), for 0 <k <d—1 and Cq(X; B) := A#HX N
B).

It can be shown, as detailed in [Bernig, 2003], that these C(X;.) coincide with
the classical definition of curvatures for 4 hypersurfaces. In the case of an oriented
m-dimensional submanifold X of R? without boundary, one has (see [Morvan, 2008],
chap. 21)

Ci(X;)=0, m<i<d
which means that the first coefficients of the polynomial (2.28) vanish. Moreover,
Co(X;B) = ™ (X N B) and Cpo(X; B) = [yps(@)dA"(x) up to a constant,
where s(x) is the scalar curvature of X at z. The next proposition justifies the
designation of curvature measures.

Proposition 2.52. The C,(X;.) are euclidean motion invariant, signed Radon mea-
sures. Moreover, they are additive: if X, Y, X UY and X NY have positive reach,
then

C(XUY5 ) =Cr(X5-) +C(Ys-) —C(X NY5)

To compute the evaluation of the normal cycle on the Lipschitz-Killing differen-
tial forms in the general case (C is a smooth m-dimensional submanifold of R?), we
are interested in the quantity

N(C)(w) ://\/ (w(z, )l (2,n)) A (2, ),

for w a Lipschitz-Killing curvature. We use the Co-Area formula to slice the previous
integral, integrating first on C', and then on the unit normal cone at point x € C. We
still denote 7y : Ng — C, (x,n) + . Moreover, for x € C, m;"(z) = Nor“(z,C).
An application of the Co-Area formula, theorem 2.18 gives:

/ Immo(x,n) (w(x,n)|Tar (m,n))d%ﬂd_l(:p,n) =

Ne
/ [ / (e, m) 7 (2, 1)) A1 () | doe™ ()
C Nor*(z,C)
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2.5. Curvatures and Normal Cycle

We need to compute J,,mo(z, n):

Jmmo(z,m) = sup <‘d7ro(x,n)(ail) AR dﬁo(iﬂ,n)(aim)‘)

i1,e0stm

with (aq,...,aq—1) an orthonormal basis of T(x,n)NC' We can choose the expression
(2.11) for the a;. One should notice that if X is m-dimensional, there are exactly m
k;(x,n) that are not infinite, for almost every x € X, and since dmy(z,n) = m, we
have:

d—1

1
Jmﬂ-O(:Ca n) - H —
i=1|k;(z,n)#oc0 V L+ klZ(x7 n)

Note that if z € 0C, the m-dimensional Jacobian vanishes. Finally, we get

/C [/Nor“(;g o) ﬁ \/m@(x,n)]m/c(gg,n» 4=y | 4 (2)
kiZoc

(w(z,n)|Tn (z,n)) Az, n)

//\/megl(C\aC)
(2.29)

2.5.2 Examples of curvature measures for smooth curves and
surface

To make the connection with the usual notion of curvature in differential geometry,
we will derive the expression of the normal cycle in the simple cases of a smooth curve
in R? and a smooth surface in R?. Using two different methods, we will detail the
evaluation of the Lipschitz-Killing differential forms on the normal cycle. First, we
follow a “geometric measure point of view”, with the Co-Area formula (theorem 2.18)
and more specifically, Eq. (2.29). We cannot expect the Lipschitz Killing differential
forms to retrieve information about signed curvature since these differential forms
and the normal cycle do not depend of the orientation of the object. Hence, we will
neither be able to have the oriented curvature of the curve, nor the mean curvature
of the surface. However the length of the curve, the area of the surface and the
Gaussian curvature of the surface, are unoriented quantities that will be retrieved.

The second method uses a parametrization of the normal bundle. This explicit
parametrization gives more insight on how the normal cycle encodes the curvature
information of the shape. We will see that choosing more specific differential forms
than the Lipschitz-Killing’s, we are able to have all the curvature information on
the shape.
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Smooth curve in R?

We now specify theorem 2.51 in the case of a regular curve C' in R2. The Lipschitz-
Killing 1-differential forms on R? are

€1 €1

a5 W1 =55

2 2

where we keep the same notations as in definition 2.49.

Let v : [0, L] — R? be an arc-length parametrization of C, with L its length. We
denote 7(s) = +/(s) the unit tangent vector and n(s) = 7(s)* the unit normal vector
such that (7(s),n(s)) is positively oriented. The scalar curvature x(s) is defined via
the formula n’(s) = k(s)7(s). At each point x = v(s) of the curve, there are two
unitary normal vectors n(s) and —n(s). Note that as explained when describing the
generalized curvature k;(z,n), in the case of the curve in R? ki(v(s),n(s)) = x(s)
and k1(7(s), —n(s)) = —k(s). With a slight abuse of notation, we still write x(z)
for z € C instead of k(s), with z = 7(s). We do the same identification for n and
7. With (2.29), and since Nor“(z, C') = {n(z), —n(z)}, we obtain for the evaluation
of N(C):

Wo =

/N (e, ) g (22, ) A (2, ) = /C VT R2(@) (e, n(2) e (@, n(2))) 4 ()
T / VT R2@) (e, —n(2)) | (2, —n(z)) A (2)
+ [ lamlma.m) " o)

+ /S+ (w(b,n)|Tn, (b, n)) A ()

where for z € C'\ 9C,

el (2 = e (e mtorte)) = T et

and

e (2, —n(x)) = it k%(lx’ @) (—kl(x,_ —7753(2;»7(95)) - 1++2(x) (ﬁ(_x;(fﬁ))

and for x = a,
0
TNc <a7n) = <n<x>1_)

(i) o [ otnmnin] (52, e

(H(S)Q > A" (n) + /s: <w(b, n) <(_n?x))l> > 0 ().
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Now, all we have to do is to evaluate this expression on the Lipschitz-Killing dif-
ferential forms. For wi(z,n) = &1(z,n)/2, we get N(C)(w;) = Length(C') and for
wo = &1, we get N(C)(wo) = 0. It was expected since the scalar curvature s is
an oriented curvature. Note that it is possible to localize these expression. If B
is a Borel set of R?, C;(C;B) = N(C).1pysi(w1) = Length(v([0, L]) N B) and
Co(C; B) = N(C)L1gyxsi(wo) = 0.

In fact the sign of the scalar curvature depends on the choice of orientation of
the curve, whereas the normal cycle does not encode orientation. Thus it is normal
that one cannot hope to retrieve the integral of the signed curvature from the full
expression of the normal cycle. The non trivial application of theorem 2.51 in this
case appears when considering the normal cycle of the compact domain V C R?
such that OV = C (which exists via Jordan’s theorem). It can be easily seen that
Ny has two connected component and if N(C); is the current associated with the
first connected component of Ny, we have N(V) = N(C);, so that the curvature
measure C1(V,-) corresponds to the integral of &:

Co(V: B) = / (s)ds.

¥1(CNB)

In general however, when considering non closed curves in R? or curves in R?, C
does not correspond to the boundary of any domain, and there is no way to get rid
of the cancelling effect. In fact, it can be shown that C,,_; vanishes for 7 odd, in the
case of a m submanifold of R?. But one should not misinterpret this point: it only
means that the Lipschitz-Killing forms and the curvature measures are not the right
tool in this context; the normal cycle itself still encodes all curvature information.

If we focus now on a parametrization of the normal bundle, we will see how
to retrieve some (absolute) scalar curvature information on the curve. At each
point = v(s) of the curve, there are two unitary normal vectors n(s) and —n(s),
so that the unit normal bundle N¢ is composed of two disconnected curves with
parametrizations I'y(s) = (y(s),n(s)) and T'y(s) = (y(L — s),—n(L — s)) (taking
into account the canonical orientation of N¢). The expression of the normal cycle
over a 1-form w thus writes

N(C)(w) = N(C)(w) + N(C)s(w)

L L
NEO) = [ WO s, N(Chaw) = [ @Tals)ITys) ds
The 1-form w can be identified to a vector-field w on T(R? x S') written in the form
w(z,n) = (wy(z,n),w,(z,n)er),

where w,(z,n) € R?, @,(z,n) € R and, as defined previously, e; the unitary vector
such that (e;,n) is a positively oriented basis of R2. With these notations one gets
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after computations

and

N(C)a(w) = —/0 <wp(7(8),—n(8))ﬁ(8)>d8—/0 wn(7(8), =n(s))x(s)ds.

This shows clearly the link between the normal cycle and curvature in this case. For
example it is clear from these expressions that one has

L
sup { N(C)(w),w € QH(R* x S, |w|lo <1} =2L + 2/ |k(s)|ds,
0

and further one gets the length and the integral of the absolute value of the curvature

as

L= 5sup {N(C)(w)w € W] [l < 1} = N(O)(e),

L
1
/0 |k(s)|ds = 5 Sup {N(C)(w),w € QHR* x §), |w|lo < 1,0, =0} .

And using the notations of definition 2.42,

L= 2 sup {N(C)(w),w € W, ol < 1} = N(O)ewn) = [N(C) oy

L
1
/ [i5(s)lds = 5 sup {N(C)(w),w € Wy, [wlloo < 1} = [N(C)l| oy -
0
which can be also localized: for any Borel subset B € R?,
HY(CNB) = N(C)lgygi (wi)
1
[ Iwslds = Gsup{N(C)w)w e W
y~H(CNnB) 2
[w]lee < 1,suppw C B x S'}.
This clearly shows that curvature is encoded in the normal cycle representation

of the curve. However, applying N(C) to the Lipschitz-Killing form wy gives the
following (since wy = &; = (0,¢1)):

N(C)1(wo) = /0 k(s)ds, N(C)a(wp) = —/0 k(s)ds,
so that N(C)(wp) = 0.
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Surface in R?

We now specify theorem 2.51 in the case of a regular surface in R3. The Lipschitz-
Killing 2-differential forms on R? are

51/\52 51/\52"‘51/\&:2 g1 Neg
— Wy =

wo = Wi = 2 =
47’ 47 ’ 2

where we keep the same notations as in definition 2.49.

For the sake of simplicity, we will consider a closed smooth surface S in R?,
oriented with a normal vector field z — n(x). With the same calculations as the
one to obtain (2.30), we get:

¥ = [ (wte | (o i) (i) )22
[ (st} (Lol A (Caein) )

(2.31)
With this expression, we see that

N(S)(w3z) = Area(S),
N(S)(w1) =0,
1

T or

N(S)(wo) /Sm(x)/ﬁz(x)d,%ﬂ(x).

Once again, we see that with the Lipschitz-Killing differential forms, we are
not able to retrieve the mean curvature of the surface S since it depends on the
orientation of S. However, we retrieve the area and the Gaussian curvature of the
surface. These expression can also be localized: for any Borel set B C R3,

N(S)I_]IBX52(W2) = Area(S N B),
N(S)L]IBX52(W1) = 0,
1

N(S)I_]lesa (L«.Jo) = %

/ k1 (2) ko (2)dA? (1),
SNB

Consider now a global parametrization of the surface S, with
v:UCR*—= S, (u,v) = v(u,v).

S is oriented with a normal vector field defined as

0wy (u,v) A Dyy(u,v)
10wy (u, v) A Oyy(u, )|’

n(u,v)
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where 0,7(u,v) = g—Z(u, v). The normal bundle of S has two connected component,

N} and N2 with parametrization

w0 = (2] for A2,

I'(u,v) = ( 7(u,v) > for NZ.

—n(u,v)

Using these parametrizations, we compute N (5)(w)

N(S)(w) = /U (w(y(u,v),n(u,v))]|0.L(u,v) A 9,I'(u,v)) dudv

(2.32)
+ /U <w(7(u, v), —n(u,v))

9. (u,v) A 9, (u, v)> dudv

We can suppose that 7 is a parametrization such that (9,7, d,7) is an orthogonal
frame of the tangent space, and such that 0,7y is the direction of first principal
curvature k1, and 0,7 is the direction of second principal curvature ko, so that:

_( Ouy Oyy
arnar=( 2 )0 (20)

)| () (5[ (5)+ (2]

With. (by = ”g:—z”, by = ng—z“) an orthonormal frame of principal directions. With the

previous expression, we see that:

&JF N &JF = det <(9w, &,v) (81 Neg + Klél N Eo 4 Kol N 52 + /€1/€2§1 A 52)

where the €; and &; are defined via (2.27). This last expression is interesting because
it specifies how the tangent space of the normal bundle (represented via 9,I" A 9,I"
and 8uf A 0Uf‘) contains the different curvature information. With this expression
and with (2.32), one can show that

1 1
Area(S) = S sup {N(9)(w) | w € Wy, [lwlloe <1} = S IN()llsows

K|+ |K 1 L
/U—’ 1 5 [ = ésup{N(S)(WH weWE, [lwll,, <1} = §”N(S)”007Wf’

1 1
/U\/W&z! = 55w {N(S)(w) | w e WG, [lwlle <1} = S IN(S) |z -
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And once again, it is possible to localize these measures. For any Borel set B C R3?,

1
Area(S N B) = 5 Sup {N(S)(w) | we W5, |w|l, <1, suppw C B x 5},

1
[ Il S (V) | w €W ol < 1 swpper € Bx 57,
Uny~1(B) 2 2

1
/ |K1ko| = = sup {N(S)(w) | w € Wy, |lw|, <1, suppw C B x 5%}.
Uny1(B) 2
(2.33)

This makes clear that even though the Liscphitz-Killing forms are not sufficient to
retrieve the mean curvature of a surface, the normal cycle contains all the (unsigned)
curvature information. These curvatures can be obtained with via a supremum
rather than a direct formula.

2.5.3 Discrete curvatures and normal cycles

Curvature measures, and more specifically Lipschitz-Killing forms applied on nor-
mal cycles are a way to generalize the notion of curvature for sets with positive
reach. Moreover, we have seen in subsection 2.4.3 how to define normal cycles for
a broader range of sets, namely union of sets with positive reach. This extension
of the definition allows to consider normal cycles for polygonal meshes as union of
segments or triangulated meshes. It is of interest to apply what we have done right
above in the case of polyhedral shapes. We will see that we are able to retrieve
classical definition of discrete curvatures.

As we are working with curvature measure, we can localize the configuration.
This implies that the study that has been done previously for a smooth curve or a
smooth surface is still valid in the neighbourhood of a regular point in the discrete
case. The only point to tackle here is in the neighbourhood of an extremity for
segments and in the neighbourhood of an edge or a vertex for triangulation.

Consider first a union of two segments C; = [x1, 23] and Cy = [x9, 23] with a
common vertex x5 in R?. With the same notations as previously, we get:

N(Cl U C’g)(wl) = ZWLength(Cl U CQ),
N(Cl U CQ)((.UQ) = 471'2.

Once again, this is not surprising that we do net retrieve the signed curvature infor-
mation. However, if we consider the supremum norm, we obtained finer information:

Consider again a borel set B of R?, containing x, but not the extremities z; and
x3, then one get:

([ sup  N(CLUCy)L1p(w) =0,

weWwinQd—t
sup N(Cl U CQ)((.U)L]IB = QWLength((Cl U CQ) N B),
wewlnod—!

sup  N(C1UCQCy)(w)lp =2m(m —0)

. wEWolﬁQg_l
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

where 6 is the unoriented angle between C; and Cy (i.e. g =
arccos(< é;:ih, %» and we retrieve a classical definition of curvature for union

of segments that is the angle deflection at a vertex.
For a triangulation 7 in R3, we use also a decomposition of the normal bundle
into planar, cylindrical and spherical part. If B is any borel set of R3, we have:

N(T)lp(ws) = [[N(T) sl wenos = 2Area(T N B)
Let B be a Borel set of R? intersecting only one edge e of 7. We have:
N(T)lg(wy) =0
due to the orientation. Considering the supremum, we get:
IN(T)Lp |l oo wonga-r = 2Length(e N B)(m — 0)

where 6 is the angle between the two triangles adjacent to the considered edge. This
is again a classical definition for the (unsigned) mean curvature of a triangulation.

The case in the neighbourhood of a vertex is more intricate, but one can show
that if B is a Borel set of R? containing only one vertex, one get:

N(T)clp(wo) = IN(T)cL gy e = 27 — > o

i=1

where 6; is the angle at the vertex x of the triangle ¢ that has x as in vertex. This
is again the classical definition of the Gaussian curvature for triangulation.

This consideration is closed to the curvature estimation: is it possible to retrieve
curvature information of a smooth surface given a polyhedral approximation of it 7 A
classical approach is to fit a quadratic surface on the triangulated mesh and estimate
the curvature of this smooth surface. Numerous methods have been developed and
one can find a survey of some of them in [Petitjean, 2002]. In [Meyer et al., 2003],
authors introduced discrete operators as the discrete Laplace-Beltrami operator, or
the Gaussian curvature operators to estimate curvature of triangulated surfaces.

The framework provided by the geometric measure theory has several advantages.
First of all, the setting of normal cycles (or varifolds) encompasses in a common space
the continuous and the discrete cases. This means that smooth shapes and their
polyhedral approximations live in a common normed vector space. Thus, one can
obtain convergence results of the curvature estimation in a very natural way. For
example, in [Buet et al., 2015], the authors use the first variation of a varifold to
define generalized mean curvature of a shape. This generalized curvature is valid
for continuous shapes as well as their polyhedral approximations and a convergence
results of the curvature of the discrete approximation toward the curvature of the
continuous shape is provided under some conditions on the mesh.

Normal cycles have also been applied to curvature estimation from triangula-
tions: in [Cohen-Steiner and Morvan, 2003|, the authors use the Lipschitz-Killing
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2.6. Link Between the Varifold and the Normal Cycle Associated with a Shape

forms to generalized the mean and Gaussian curvatures that encompasses the
polyhedral case. They also use vector valued differential forms to extend the notion
of second fundamental form operator and get finer results: the principal curvatures
as well as the principal directions may be estimated from this. Moreover, an
upper bound of the error of the estimated curvature from a triangulated approx-
imation of a smooth shape is proven. The estimation of the second fundamental
form is refined in [Cohen-Steiner and Morvan, 2006] in a Riemannian framework.
[Chazal et al., 2009] extend the stability result of [Cohen-Steiner and Morvan, 2003|
that was valid only for approximation of smooth hypersurfaces. Introducing the
p-reach of a set, that is a weaker regularity hypothesis than positive reach, they
provide curvature stability with respect to the Hausdorff distance of compact subset
that has positive p-reach, still using the theory of normal cycles. For example
a finite set of points in R3 has a positive p-reach and the authors derived an
algorithm to explicit the curvature measure in this case from a description of its
normal bundle. Some of the previous curvature estimation with normal cycles are
sum up in [Morvan, 2008].

In this section, we have formalized the link between the normal cycle of a shape
and its curvature. The Lipschitz-Killing differential forms introduced by Zéahle are
independent of the shape and gives all the Federer’s curvature measures. However
they do not capture the oriented curvatures. This fact was expected since the normal
cycle is independent of any orientation of the initial shape. Nonetheless, we have
seen that all the unsigned curvature information is contained in the normal cycle
through a supremum norm on the dual of some restricted space of differential forms

(WL W2, W2, ...

2.6 Link Between the Varifold and the Normal Cy-
cle Associated with a Shape

This section focuses on the link between varifolds and normal cycles. As it will be
seen in the next chapters, when a kernel metric is given on the spaces of varifolds
and normal cycles, the expression of the metric for triangulated meshes on varifolds
is a projection of the metric on normal cycles. Our aim here is to formalize this
projection in the continuous case. For this, let consider a smooth m dimensional
submanifold X in R, N(X) is its associated normal cycle and ux its associated
varifold.

We recall that varifolds are elements of 6,(R? x G(d,m))" and normal cycles
elements of QI7'(R? x S471). In this section, we construct a projection p that,
given a normal cycle N(X), provides the varifold py: p(N(X)) = px, and an
injection 4 that given a varifold px provides an element i(ux) € QI (R? x S4-1Y,
and such that p o¢ = Id. Of course, we cannot have i(px) = N(X) since a normal
cycle contains more information about the shape X than a varifold. In fact we will
see that i(uy) is a “coarse” version of the normal cycle N(X), with no curvature
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

information.
To construct ¢ and p, we decompose the space Qg’l(Rd x S971) as in remark 2.43:

QIR x ST = (Wyr @ @ W, @ -+ @ W)

The space that we will be interested in is W,,. Indeed it corresponds to differential
forms with values in

s { () o ()0 () e (0

Our interest in W,,, comes from remark 2.40 where we have seen that the curvature
information contained in the orthonormal basis of T(:E,n)/\/' x mixes the spatial and
the spherical component. Moreover, we have seen that the spatial component of
a;(z,n) is vanishes if, and only if the associated direction b;(x,n) is orthogonal to
the tangent space of X. Since varifolds do not contain curvature information, and
are m-dimensional objects, the only way to link varifolds and normal cycles is to
project in some sense the information on the orthonormal basis onto F,,,. Doing so,
we lose the curvature information, since there is no mixing between the spatial and
the spherical part, and we keep the m-dimensional tangential information of X since
there are m non zero vectors on the spatial component.

For this, let first define the projection and the injection on the spaces ¢°(R? x
G(d,m)) and QIR x ST, If w € QI (R x S%1), the idea is to construct an
element of €°(R¢ x G(d, m)) using projection of w on some well chosen subspaces
of W,,. For this, we define for P € G(d,m) and n € S%!

F(P,n) = Span{(o(‘)1> Ao A (aén) A (;D Ao A (ndoln)

One can check that dim F},,(P,n) = 1, and we consider the basis

o= () e () A (a0

with (eq,...,e,) an orthonormal basis of P and (eq,...,€m,N1,...,Ng_1-m,N) &
positively oriented orthonormal basis of RY. F(P, n) represents the information of
the plane P on the spatial component and of the orthogonal of nU P on the spherical
component. We denote also f5,,(7) the coordinate of 7 € A% 1(R? x R?) on the one
dimensional subspace F(P,n) with basis fp,. Now, given w € Q4 *(R? x S971), we
construct m(w) € 6o(R? x G(d, m)) as follow:

o, N, € Rd} .

a; € P, niEPLﬂnL}.

1

m(w)(z, P) = Vol (ST

/Sdlmpi_ IPn (w(x, n)) d " ()

The idea is given a direction n, to get the coordinate of the differential form at (x, n)
on the space F(P,n) and integrate this scalar over all the n € SN P+, 7is a
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continuous application from Q4 '(R? x S%1) to 6,(R? x G(d, m)) and can be seen
as a projection.

Now, given an element u € 6,(R% x G(d,m)), we want to construct an element
1(u) € QIR x S971). We define:

)en)() = [ e P) (fralr)dP
G(d,m)Nn+
We have constructed two operators:
7 QE R x S — Go(RY x G(d, m))
L Go(RY x G(d,m)) — QI YR x §971).

Moreover if u € 6(R? x G(d, m)), we have

mouu)(z,T)=m <(y,n) > /G(d - uw(y, P) (frnl-) dP) (x,T)

1
= e ; P) (fpnl|)dP)dAt 1=
VOI(Sd_l_m) /Sd—lmTi fT’n(/G(d,m)mni u(m, ) <fP’ | > ) (n)

1
= ————u(z,T d "
VOI(Sdilfm) U<$, ) /SdlmTL (n)

=u(x,T)

Thus 7o+ = Id. Now we can define our operator of interest, which are the dual
operators of ¢ and 7:

o QETHRY x SN 5 G (RY x G(d,m))

™ G(R? x G(d,m)) — QIHRE x 41y
We will see that t* =: p is the projection of the normal cycles on the space of varifolds
and 77" =: ¢ is an injection from the space of varifolds to the space of normal cycles.

For this, consider a m-dimensional smooth submanifold of RY, N(X) its normal
cycle and px its varifold.

p(N(X))(u) = N(X)((u)) = / (v(w)lmny (@, n)) A (2,)
— [ ] e P) Uralr o)) dPa )
Nx JG(dm)Nnt
Noticing that (fp,|may (z,n)) =0if P # T, X, we get:

p(N(X))(u) :/N u(@, ToX) {froxalmag (2,0)) d" (2,n)
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

We recall that 7y, (z,n) = ay(z,n) A -+ A ag_1(xz,n) where the a; are defined in
(2.11) and one can show that

d—1
1
<szX,n|TNx(x7n)> - H - Jmﬂ-()('ran%
i=1|k;(z,n)#00 L+ kf (ZE, n)

where we recall that my is the projection from Ay onto X. Using a Co-Area formula,
we obtain:

p(N(X)) () = /N (e, T X ) o (2, n)d A (2, m)
:/Xu(x,TxX)</N - d%d_l_m(n)>d%m(x):VOI(Sd_l_m),uX(u).

We have proven here that p(N (X)) = Vol (S ux.
Now, we compute

(1x)(@) = px (7)) = /X () (2, T, X )dA™ ()

_ /X Vol(gdllm)_) /S gt fix,n(w(x,n))d%ﬂdqu(n)d%m(x)

= ; d—1—m m
B VOI(Sd_l_m) /X/Nor“(z,X) <w<x’ n)‘szX’n> o (n)d% ({L’)

and using again a Co-Area formula, we obtain:

i(px)(w) = m /NX (w(z,n)|Pr,, (Tay (x,1)) ) 9 (2, n)
1 d—1

_ W /Nx (P, (w(z,n)) }TNX (z,n)) " (x,n)
1 d—1

— m /NX (Pw,, (w)(x,n)}TNX(x,n» A (x,n)

Here, we have proven that i(ux) = Py, (N(X)). We sum up the main results in
the next theorem:
Theorem 2.53. If X is a m-dimensional submanifold of R?, we have:
1. p(N(X)) = Vol (S iy
1
2.4 =——F P (N(X)).

8. poi(px) = pix.
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2.7. Discussion

Let’s make some remarks here: first of all, given a normal cycle associated with
a submanifold X, we are able to retrieve the varifold puy associated with X. On
the contrary, given pyx, we cannot retrieve N(X), but only a “rough” version of it.
Indeed, the object Py, N(X) is a projection of N(X) on a subspace where there
is no curvature information. Heuristically the current Py, N(X) is associated with
the “locally flattened” submanifold X. To make it more precise, consider a Dirac
07,y Suppose that 7 € AT (R? x RY) writes

=(AG)) (A0

with (e1,...,e4-1,n) a positively oriented orthonormal basis. As explained previ-
ously, all the curvature information is contained in the k;. Now one can show that
. - Prp, T .

iop(67 ) =49, ™" with

(z,n) (z,n)
m o d—1 0
meT:(/\((;)>A< A ())
i=1 i=m+1 N

Thus, projecting the Dirac on the space of varifolds, and injecting it back on the
normal cycles, we have lost all the curvature information.

Secondly, one should notice that the expression of the projection and injection
are much simpler in the case of a (d — 1)-submanifold in R¢, as we have a canonical
identification between a normal vector and the hyperplane defined as the orthogonal
of this normal vector. Moreover, the integrals over G(d,d — 1) Nnt and St N P+
reduces to a sum of two elements.

2.7 Discussion

Using the theory of currents, and following the pioneer works of Federer and Zahle,
we have presented in this chapter the representation of shapes with normal cycles.
The normal cycle of a set is the current associated with its normal bundle. This
model has a higher complexity than classical currents or varifolds. Indeed, the nor-
mal cycles of a shape encodes precise curvature information that have been detailed
in section 2.5. In this section, following Zahle, we used the Lipschitz-Killing differen-
tial forms to retrieve different kind of curvature with normal cycles. We introduced
spaces of differential forms (planar, cylindrical, spherical) that are closely linked to
these curvatures (area form, mean curvature and Gaussian curvature).

For a computational purpose, we have described the normal bundle of a segment
and a triangle. The additive property (2.15) allows to consider the normal cycles for
a union of convex cells but the transition from the normal cycle of a convex cell to the
normal cycles of a union of convex cells is complex. That is why we introduced a new
decomposition of the normal bundle of discrete shapes, into spherical, cylindrical
and planar part that allow for an immediate additive property. Moreover, as we
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Chapter 2. Theoretical Ground of the Shapes Representation with Normal Cycles

have seen in subsection 2.5.3, each component of this normal bundle has a specific
interpretation in term of curvature information. It is interesting to see that with
this decomposition, along with the spaces of differential forms (planar, cylindrical,
spherical), we are able to retrieve in the discrete setting all the classical discrete
curvatures. Normal cycles have already been applied to estimate the curvature of
discrete surfaces approximating a continuous one, as it has been recalled in 2.5.3.
With this work, we have provided a ready-to-use computational framework, with
an explicit and easily implementable representation of discrete shapes with normal
cycles.

Section 2.6 draws a precise link between the normal cycle and the varifold asso-
ciated with a shape. We have seen that in some sense, the varifold of a shape can
be seen as a projection of its normal cycle. Moreover, the injection of a varifold to
the space of normal cycles provides a representation with no curvature information,
as if the shape was “locally flattened”. This section paves the way to a unification
of the different representations of shapes (currents, varifolds, normal cycles), as well
as the precise kind of information encoded in each representation.
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Reproducing Kernel Hilbert Spaces
on Normal Cycles
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

The idea of normal cycles (resp. currents) is convenient because it embeds
shapes in a vectorial space: the space of (d — 1)-currents in R? x S%! (resp.
the space of m-current in R?). These spaces, defined as dual to spaces of dif-
ferential forms, come with a dual norm: if T € QF(RY), we define M(T) :=
sup {T'(w),w € Q" (R?), [|w||,, < 1}, called the mass norm in geometric measure the-
ory. It would be tempting to use this norm as a distance between shapes. However
this norm is not interesting for a matching purpose. Indeed, if C' and S are two m-
rectifiable sets, non intersecting, then one can show that M([S] — [C]) = 2™ (C) +
™ (S), and this independently of any closeness between the two sets. This happens
because the set of test functions w is too large, and thus discriminates completely
the two shapes. Another norm which turns out to be useful in geometric measure
theory is the flat norm: F(T) := sup {T'(w),w € Q7 (R?) [Jw||, < 1, [|dw|, <1}
where dw is the exterior derivative of w. Though, this distance has several draw-
backs, the main one being its non closed form. For our numerical purpose, we need a
computable expression for the dissimilarity between shapes. In the very same spirit
of |Glaunes, 2005], we will use the theory of reproducing kernels to provide kernel
metrics on normal cycles as dissimilarity measures.

The theory of reproducing kernels arose first with Mercer in the study of in-
tegral operators (|[Mercer, 1909]), but the seminal work is mostly due to Aronzajn
[Aronszajn, 1950], in 1950. It has now a wide range of applications: complex analy-
sis, harmonic analysis, machine learning, among others. In machine learning theory,
reproducing kernels are a way to represent any kind of data as functions in a func-
tional Hilbert space, with an explicit scalar product. Thus, it is possible to use the
classical statistical machinery in this Hilbert space to analyse the data.

This theory is widely used in computational anatomy either to have a space of
deformations whose equations are easy to implement numerically (see section 1.4) or
to have an explicit distance between shapes (see |Glaunés, 2005, Durrleman, 2010,
Charon, 2013]). Suppose that we have two curves C' and S in R?. Representing these
two curves as currents [C] and [S] (figure 3.1), a kernel metric allows to consider a
scalar product between those curves that takes explicit expression as integral over
the curves:

(O, 1) e = /C /S k(z,y) (rea ) A (2)dA ().

C
Figure 3.1: Representation of the curves C and S with currents

Now, if we represent the two curves as normal cycles (figure 3.2), the kernel
metric will consider integrals over the normal bundle rather than integrals over the
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curves themselves. Precisely, we will construct two scalar kernels k, and k,, where
k, takes into account the relative spatial position of the curves and k, the relative
position of the normal vectors v and v at point x € C' and y € S.

(N(C),N(S))w = //\/ /N kp(z,y)kn(u,v) <T(I7u),7'(y7v)> dA (z,u)dA (y,v).

Figure 3.2: Representation of the curves C' and S with normal cycle

In section 3.1 we recall the basics of Reproducing Kernel theory in the vecto-
rial case and the construction of positive definite kernels. For a complete study
of Reproducing Kernel Hilbert Spaces in the vectorial case, one can refer to
[Micheli and Glauneés, 2014]. In section 3.2, we derive kernel metrics on the space of
currents and varifolds, following the previous works of [Glaunes, 2005] for currents
and [Charon and Trouvé, 2013] for varifolds. Sections 3.3, 3.5 and section 3.7 are the
heart of this chapter. We construct kernel metrics on the space of normal cycles us-
ing a product of two kernels: a spatial kernel k, and a normal kernel k,,. We explicit
different kernels that we can use as well as embedding properties of the generated
RKHS (3.3). Section 3.5 focuses on two simple kernels for k,: the constant kernel
k, = 1 and the linear kernel k,(u,v) = (u,v). We detail the kind of curvatures that
each kernel captures. These simple kernels will ease the complexity of the calculus
when dealing with numerical implementation as we will see in section 3.7.

3.1 Vector-Valued Reproducing Kernel Hilbert
Spaces

3.1.1 General setting

Let H be a Hilbert space of functions from R? to a euclidean space £ : H C
Z (R4, E) . We denote (.,.),; the scalar product on H and (.,.), the one on E.

Definition 3.1 (Reproducing Kernel Hilbert Space). H is a Reproducing Kernel
Hilbert Space if there exists K : RY x R? — L(E) such that

e forallr e R, a € B,y K(z,y)a € H
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o Foreveryz € R, f e Ha € E:
(K(,z)a, fg = (f(z), )

A kernel fulfilling these properties is a reproducing kernel. H is then a Reproducing
Kernel Hilbert Space (RKHS) with kernel K.

The next proposition is a more concise, yet more abstract, characterization of
RKHS:

Proposition 3.2. A Hilbert space H of F#(R% E) is a RKHS if, and only if for
every x € R, o € E, the applications

0y :he H— (h(z),0)p € R.
are continuous, i.e. in the topological dual of H, denoted H'.

Proof. First, if H is a RKHS with reproducing kernel K, let o € E and € R?. For
every f € H we have

102 ()]

(f(x), @) |

(K(,z)on )y

| K (., z)al 4 || fll 7 (Cauchy-Schwarz)
(K (2, 2)as 0 | £

IA A

and thus 0% is continuous.

Conversely, we suppose that all the ¢ are in H’. Thanks to the Riesz repre-
sentation theorem, a canonical isometry exists between H' and H : Ky : H — H.
We note also (.|.) the duality product between an element of H" and one of H. The
application (o, 3) € E? — <ICH(5§“,ICH(55> y is obviously bilinear. This bilinearity
enables us to define a kernel Ky:

(B, K (62) () = (08| KCros)
= (Kudg, Kudy),
= <5$’55>H'
= <KH(x7 y)aa 6>E

where the last row can be taken as a definition of the application Ky (z,y). From
the properties of bilinearity and positivity of the scalar products, one can deduce
(see [Micheli and Glaunes, 2014]) :

1. Ky(z, )a =Ky € H.
2 (Kn(x, ), fy = (f(2), ) .

And these are the properties of a reproducing kernel. Thus, H is a RKHS with
reproducing kernel K. O]
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Moreover, one can deduce the following properties for Kpy:

1. Vo,y € RY, Ky(x,y) is a linear application on F
2. Ky(x,y)* = Kg(y, ) (symmetry)
3. VN € N, V(x;)1<i<n, () 1<i<n Z Ky (z,25)(ag, 05) > 0.

A kernel fulfilling these three completely algebraic properties is called a positive
definite kernel. We see here that a reproducing kernel is a positive definite kernel.
The next theorem draws a link between both kernels :

Theorem 3.3 ([Aronszajn, 1950], [Micheli and Glauneés, 2014]).

1. For every RKHS H, one can associate a unique positive definite kernel K which
1s the reproducing kernel of H.

2. Conversely, if K is a positive definite kernel, there exists a unique RKHS H
whose reproducing kernel is K.

For our need, we will rather consider the second aspect: the space H is con-
structed with starting with a kernel K. The kernel K generates a pre-Hilbert space:
Ho = Vect {K(z, .)alz € RY, a € E} C Z(R% E), with scalar product:

<ZK(@,.)O@,Z (5, ) > ZZ i, K(2i,95)585) g

J=1 i=1 j=1

so that the scalar product, and the norm is explicit. The space H is obtained by
completion of Hy with respect to the scalar product (see [Micheli and Glaunes, 2014]
for technical details).

Regularity of the RKHS

Given a RKHS H constructed via a positive definite kernel Ky, it is of interest
to know which regularity have the functions f € H. And even more, do we have
embedding results of H onto some regular spaces?

Since the functions of the form )" | Ku(z;,.)o; are in H, it seems obvious that
the regularity of the generated RKHS H is linked to the regularity of the kernel K.
More precisely, we have

Theorem 3.4 ([Micheli and Glaunés, 2014, thm. 2.11). Let H be a RKHS of kernel
Ky :RIx RY— E, s >0 an integer. The following two statements are equivalent:

1. H — €*(R% E) where €°(RY, E) is endowed with the topology of uniform
convergence for the derivatives up to order s on every compact set.

2. For every multi index p, 0 < |p| < s, 0705 Ky exists, is continuous in each of
the two variables and is locally bounded.

Moreover, if K(x,.)a € 65(RY E) for allz € RY, o € E, then H — 63 (R%, E).
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

Vector field interpolation

Let us illustrate how convenient the setting of a RKHS can be with the following
example. Suppose that we have n corresponding points (z;, ;) € (R?)? and we want
to find a vector field vy € 6 (R?, R?) such that vy(x;) = y;. This problem with no
more constraint is ill-posed: there is no uniqueness for a solution.

If we suppose now that we have a RKHS H — ¢°(R¢,R%), with kernel K.

Then we can consider the regularized problem:

. 2

arg min ||v

gmin o] .
v(z) =y, Vi €{1,...,n}.

This problem is apparently infinite dimensional. However, it simplifies a lot with

the Representer theorem:

Theorem 3.5 (Representer theorem). Let H be a RKHS of % (R% E), with kernel
Ky and z; € R4y : E™ x R an increasing function with respect to the last variable.
Then any solution of the problem

min@/;(f(:vl), SRR f(xn)v ||f||§1>

feHd

admits a representation of the form
Vo € RY f(x) = Zn: Ky(z;, x)oy
i=1
The Representer Theorem guarantees that a solution vy of (3.1) writes
wly) = 3 Ko
i=1
where the a; are in R? and satisfy linear equations:
Vie{l,...,n}, i Ky(zi, xj)o; = y;.
i=1

If we denote KH(.Z'7QZ> = (KH(xi’xj))1<i,j<n’ and o = (@i)lgigna Yy = (yi)lSiSTw the
previous equation writes:

Ky(z,z)a =y.
Thus, the infinite dimensional problem of minimizing a norm of vector field under
the constraint v(x;) = y; reduces to solve a finite dimensional linear problem, namely
solving a linear system with matrix Ky (x,z). Moreover, the norm of the optimal
vector field has simple expression in term of the kernel:

lvoll7 = <Z Ky (i, )ai, Y Kn(zj, -)Oéj>
i=1 j=1

n
= Z of Ky (i, x;)o;.

i,j=1

H
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3.1. Vector-Valued Reproducing Kernel Hilbert Spaces

So, once we have defined a positive definite kernel, the framework of RKHS is
very convenient to work with, with explicit formulation for optimal solutions.

3.1.2 Construction of vectorial kernels

We are left now to design the kernel Kz. The set of positive definite kernels has nice
algebraic properties ([Aronszajn, 1950], [Micheli and Glaunes, 2014 for the vectorial
case): the sum of two positive definite kernels, the multiplication by a positive
constant, the tensor product of two positive definite kernels are still positive definite
kernels. This properties are useful to construct kernels starting from elementary
ones as we will see below. We need also some specifications on the kernel: Ky has
to be regular enough to have embedding properties. Moreover, for the purpose of
providing a shape dissimilarity, we are interested in RKHS whose kernel induces
an inner product that is invariant under isometries. Doing so, we ensure that the
distance between shapes does not change if we apply the same translation or rotation
to both shapes. If Ky is invariant under isometries, one can show that Ky writes:

Kp(z,y) = K(||z = yl]),

where K : R — L(E). Of course, not all such kernels fulfill the condition of
positivity. For a characterization of translation-rotation invariant kernels that are
definite positive, one can see [Micheli and Glaunés, 2014], section 3.

With scalar kernels

The simplest kernel K that one can think of is the scalar kernel, namely K(r) =
k(r)Id where k : R — R is a positive definite kernel on R. Several scalar kernels are
used on a regular basis. The two kernels that we will use in the following are:

e The Gaussian kernel with width o: k(x,y) = exp(— lz = yl* /o?).
e The Cauchy kernel with width o : k(x,y) = ﬁ The Cauchy kernel is a

Hr yH

good alternative to the Gaussian kernel.

One can check that these two kernels are positive definite. The parameter o is a
scale parameter and will depend on the data.

Friedrichs Extension and Reproducing Kernel

Once a positive definite kernel Ky is set, it defines a RKHS H and a continuous
operator Ky : H — H. We will see here another way to construct explicit scalar
reproducing kernel starting with the continuous operator, rather than the positive
definite kernel. We recall here some points of [Glaunés, 2005|, chapter 3. For our
future purpose, we will consider vector fields on a compact submanifold of R?, M,
with volume form m. We denote €>°(M) the set of all € functions on M, with
its canonical topology, which is the topology of uniform convergence of f and all
its derivatives. We have ¢>°(M) < L*(M) and (M) is dense in L?(M) for the
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L? norm. Let Ly : €°(M) — L*(M) be a continuous, symmetric and strongly
monotone operator, i.e. :

Vu,v € €°(M), (Lyvu,v);2 = (u, Lyv) .,
Ly : €°(M) — (L*(M),||.||,) is continuous,
and there exists C' > 0 such that
Vu € (M), (Lvu,u)ps > Cllul| 2

Then, (u,v), := (Lyu,v),, defines scalar product on €>*(M). (€>(M),|.|;,) is
a normed vector space, but not complete. We complete it for the norm |||, and
denote V' the Hilbert obtained. We cannot hope for an extension of Ly on all V.
However, for every u,v € €>°(M), (u,v),, = (Lyu,v);>. Thus we can extend Ly
(using the scalar product in V') by considering all the u € V' such that there exists
a h € L*(M) with the following property:

Yo e Vi (u,v)y, = (h,v),,

If such a h exists, it is unique, and we denote it Lyu := h. Let D(Ly ) be the set of
all uw € V such that Lyu exists. Obviously, € (M) C D(Ly), and D(Ly) is dense
in L?(M) for the L?norm. This is the Friedriechs extension of Ly, which extends
Ly on a dense subspace of L? and the following theorem justifies the necessity of
such a construction:

Theorem 3.6. Ly : D(Ly) — L*(M) is bijective, and L' : L*(M) — L?*(M)
is a continuous, symmetric definite positive operator. Moreover, if V. — L*(M) is
compact, then L‘_/1 1§ compact.

Since under the right assumptions L(/l is compact autoadjoint, we can diagonalise
it on an Hilbert basis of L?(M), (w;)sen, with eigenvalues (u;)ien, with p; > 0 and
[i —risoo 0 (see [Brézis, 2011]). We have then Ly (w;) = iwz We denote \; = i
With this construction, we can redefine the sets L2(M), D(Ly), V:

Proposition 3.7.

o) - S| o < 420,

1€EN %

V= {Z@ﬂl}l ‘ Z)\ZCY? < "—OO},

and if we define w; = T then (;)ien s a Hilbert frame of V.. The scalar product
on 'V is explicit : if u=">_,o;w; and v =Y. Byw,, then

(u, U>v = Z i B;
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3.1. Vector-Valued Reproducing Kernel Hilbert Spaces

It is possible to make a link between Ly and a reproducing kernel Ky if we
suppose that V' is continuously embedded in €' (M), with the uniform norm. Let
x € M. Then, with the previous notations, we have for every f € V

102(F)] = [f(2)]
< [Ifll
<c|fllv

which means that the evaluation applications are in V’. Thus (proposition 3.2), V'
is a RKHS with reproducing kernel Ky, and Ky has an explicit expression with
the proposition 3.7: let z € M. Ky (z,.) € V and therefore can be written in the
Hilbert frame (w;);en:

Ky(z,.) = Z ai(x)w;
ieN
and if we take the scalar product with w;, we get

(Ky(z,.), w;)y, = Aja(x)
= w;(z)
And so )
Ky(z,y) =) 3 wilz)wily).
ieN

Then, in order to have an explicit expression of a reproducing kernel using an oper-
ator L, it is sufficient to diagonalise L™! with explicit eigenvalues. Given an Hilbert
frame (w;);eny of L2(M), and (\;)ien € RT_, with \; =0 +00, we can also de-
fine a set V and D(Ly) as in proposition 3.7, and the operator Ly defined on the
Hilbert frame: Ly (w;) = A\jw;. It can be shown that given this Ly, L' is compact,
symmetric definite positive operator, and V < L?(M) is compact.

This construction allows us, given an operator Ly and a Hilbert frame (w;);, to
define Lj, with s € Ry as the following expression :

3.1.3 Reproducing Kernel of Sobolev Spaces

We illustrate here the previous construction to define RKHS on S?, with a power of
an operator L = (Id — A) on the sphere. It will be useful to have explicit, rotational
invariant kernel on the normal space of the normal bundle. Let us consider the
reproducing kernel k,, associated with Sobolev spaces H*(S5?). Let us first consider
the space

H'(5%) = {u € L*(S?) | the weak derivative Vu exists and is in L*(S?) }.

This space is naturally endowed with a scalar product:

(U, V) g1 g2 ::/ uv—l—/ (Vu, Vo),
52 s2
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

and it is a classical result that (H'(S?), ||.|| H1(5?) ) is a Hilbert space with compact
injection in L?*(S?) ([Brézis, 2011], Sobolev injections). Using integration by parts,

we have:
() = [ wot [ (Vo)
52 52

AJW_L;AUM_L2ad A) ()

—< Id A)u v>

£2(82)

(Id—A)~': €°°(S?) — L?(S?) is a continuous, symmetric, strongly monotonous
operator. Moreover, since H'(S?) < L?*(S?) is compact, with theorem 3.6, (Id —
A)~1is compact and one can show that the Friedrichs extension D(Id— A) coincides

with H'(S?). We will use expansion on spherical harmonics (see Appendix B) to
define H'(S?). We recall that the spherical harmonics (Y;,,), for l € N, =] <m <
form an Hilbert frame of L?(S?) and are the eigenvectors of —A:

(Id = A)Yim = (1 + 11+ 1)) Yipm
We can now define the operator (Id — A)s ,s e Ry
(Id — A) Vi = (1 + 114+ 1)) Vi

For s > 2, we define H*(5?) := D((Id — A)™). H*(S?) coincides with the usual
defintion of the s-Sobolev space on the sphere and we have we have H®(S?) —
€*(S?) (Sobolev injections, see |[Brézis, 2011|, Chap. IX. The results can be applied
straightforwardly to the case of compact submanifolds without boundaries using
partition of unity on a finite atlas of the manifold). Thus, if s > 2, H*(5?) is a
RKHS with reproducing kernel k,,. The operator associated with k, is L = (Id—A)?®.
And we have by definition of k,: Lk,(z,.) = J,. Using an expansion on spherical
harmonics of k,(z,.) for z € 52, we get k,(z,.) = >,y Zin:_l apm ()Y, By the
definition of k,,, we have

<kn(x7 ')7 }/El,m/>Hs(52) - }/Elm/(l’>

And also, by definition of the scalar product and the operator L:
(kn(:c,.),Y/,mQHs(Sg) = (kn(z,.), LYy />L2(52)

<Z 3" Q@) Yign, (14 11+ 1)) Vi >
L2(S2)

leN m=—1
= e (@) (1 + 1+ 1))* = Yo (1)
which gives:

Z Z 1+l l—|— ~Yim (2)Yim (y) (3.2)

IeN m
The Sobolev kernel will be one of the used kernels to provide a metric on normal
cycles.
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Remark 3.8. Conversely, we could have fixed the eigenvalues A, at first instead of
14+l + 1), and defined the kernel k, as in (3.2). All rotation invariant repro-
ducing kernels on the sphere can be obtained with this procedure. Although we only
consider kernels associated with Sobolev spaces in this work, one may definitely con-
sider general metrics here by specifying appropriate assumptions on the sequence of
eigenvalues.

3.2 Kernel Metrics on Currents and Varifolds

The theory of reproducing kernel provides a powerful tool to construct a Hilbert
space with explicit scalar product. We will see how to use it in the context of cur-
rents. All this has been developed in [Glaunes, 2005], [Vaillant and Glaunés, 2005].

Kernel metrics on currents

In |Glauneés, 2005|, the author defines a RKHS W in the space of m-differential
forms Qf(RY) c .7 (R%, A™(R?)*) using a positive definite kernel K. With the
previous notation, £ = A™(R%)* = A,,(R?) that we identify with A™(R?) with the
Riesz representation theorem. We suppose that W — Qm(R?), i.e. for every w € W,
|wll,, < cllwllyy- Then if S is a compact, m-rectifiable set of R?, we have

1S(w)| < / w] < A™(S)e |l (3.3)

so that the restriction of [S] to W belongs to W’. Hence a m-rectifiable set can be
considered as an element of the Hilbert W', whose norm is explicit by the reproducing
kernel. This raises the question of choosing a positive definite kernel on the space of
differential forms. Here we will use scalar kernels: we define for every «, 3 € A™(RY),
for every z,y € R?

<KW(:E’ y)aa ﬂ)Am(Rd) = kW(:L‘7 y) <O{, 6>Am(Rd)

where ky is a scalar kernel, for example ky (z,y) = exp <_|§T_y‘2>, with oy a pa-
w

rameter. This is a positive definite kernel and defines a RKHS W of m-differential

forms. We have to be sure that this kernel defines a RKHS W embedded in the

space Q'(R%):

Proposition 3.9 (|Glaunes, 2005], chapter 2, theorem 9). Let p € N, and a positive
definite kernel K : R? x R? — L(FE), with derivatives at order < 2p which are
continuous and bounded. Suppose that for every x € RY, K (x,.) vanishes at infinity,
and so do its deriwatives at order < p. Then the RKHS W associated with K is
embedded into €} (R4, E).

All the kernels in this paper will fulfill the previous proposition. For example a
scalar Gaussian kernel guarantees that its RKHS is embedded in a space as regular
as we want (Vp € N, W — €7 (R, E)).
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Now let S be a m-rectifiable set in R, o € A™(R?), and 2 € R% From the
reproducing property, we have
(o, Kw [S](2)) ym ray = (05 [Kw [S])
= (SIIEw(z, )(e.))

_ /S b (2, ) (o, s (1)) dA™ ().

Thus the scalar product between two m-rectifiable orientable sets S and C' can be
expressed as

(1), [CT) = / / b (5,9) (75(2), 75(0)) o ey A (@)AA™ () (3.4)

where Tg(z) is the m-vector associated with a positively oriented orthonormal basis
of T,.S.
The distance between two shapes S and C' is then

d(C,8)* = |I[S] = [Clllyy = {5, [SDw — 28], [CDwr +{[C), [Chyr

In the discrete setting, the expression of the scalar product is simple using dirac
approximations in the space of currents (2.2) and (2.3) seen in Chapter 2. For two
discrete curves C' = UY,C; and S = UM, S},

M = D> kyleis;) (fing5) - (3.5)

i=1 j=1

where ¢; (resp. s;) is the middle of the segment C; (resp. S;) and f; is the oriented
edge (a vector) associated with C; (resp. g; with S;).

For two triangulation meshes 7 = Y. T; and T’ = Z] , Tj, with ng, the
oriented normal vector of the triangle T;, we have:

(T, (7)) W,—ZZA Tk (b, ) (s ) (3.6)

i=1 j=1

where b; is the barycentre of the triangle 7T;.

Kernel metrics on varifolds

The same work can be done to provide a metric on the space of varifolds, %p(R? x
G(d,m))'. For this, we construct first a RKHS W — %3(R? x G(d, m)) (i.e. |Jull <
C ||ully,). Once the Hilbert space is set, we have for X a m-rectifiable set,

i (u |_‘/ (e, T, X )dA™ /|ux T, X)|dA™ ()
< CHA™(X) ||ully
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3.2. Kernel Metrics on Currents and Varifolds

which means that pux € W’. The varifold representations of m-rectifiable sets are
in W' and the dual scalar product on W’ provides scalar product on shapes. We
are left to design a scalar positive definite kernel Ky, on the space R? x G(d, m)
that will generate a Hilbert space W < %3(R? x G(d,m)). This has been done in
[Charon and Trouvé, 2013, Charon, 2013] and we sum up briefly the construction of
the kernel, referring to these works for more details.

The kernel Ky : (R x G(d,m))* — R involves two independent aspects: the
spatial information contained in R? and the tangential information contained in
G(d,m). For this, we build the kernel as a product of two kernels: a spatial kernel
k, : (R)? — R and a tangential kernel k; : G(d, m)*> — R. k, is often a Gaussian
or Cauchy kernel, as for currents. The tangential kernel is more involved since it
necessitates to define a coherent kernel on G(d,m). The simplest way to do so is
probably to identify a m dimensional subspace Q € G(d,m) with the orthogonal
projection on (), denoted Py. By doing so, we can consider G(d, m) as a subspace of
L(R?). This space is a vector space of dimension d? and is endowed with a canonical
scalar product, associated with the Frobenius norm:

(A, B) ;(gay = tr(A"B).

Once this observation is done, we have access to classical kernels as:
e The linear kernel k(V,W) = (Py, Py),

e More generally, the polynomial kernel, k,(V, W) = (Py, PW)k , ke N*.
e The Gaussian kernel: k,(V,W) = exp ( — M).

o

One should notice that all these kernels have a simple expression through the prin-
cipal angles ([Charon, 2013|, chapter 3), that becomes explicit when dealing with
polygonal meshes as triangulation or union of segments.

Remark 3.10. We could also have used the identification between G(d,m) and the
projective space of A™(R?), denoted P(A™(R?)). To a m dimensional vector space
V of R, we associate the one dimensional subspace generated by A e; where the
frame (eq, ..., en) spans V, see again [Charon, 2013/, chapter 3.

Now that we have the two kernels k, and k;, we define Ky as

It defines a positive definite kernel on 6,(R% x G(d, m)). The scalar product between
“dirac” varifolds defined in definition 2.28 is explicit:

(0@.P)s 0 @) ) yyr = ki, 9) ke (P, Q),

and the scalar product between two varifolds associated with m-rectifiable sets S
and C' is:

senche = [ [ ble k(TS O @A) ()
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Note that for two polygonal mesh P = UY, P with b; the barycentre of each
convex cell P; (resp. P’ = UM, P!, with barycentre b}), we get using approximations
as in (2.7) and (2.8)

N M
(e o)y = D Y PPk (b, Ve (< P>, < P} >). (3.8)

i=1 j=1

where |P;| is the area of the cell P; and < P; > is the vector space spans by P;.

With the same notation as for (3.5), the previous equation writes in the case of
discrete curves with linear kernel for k;

N M

(s mrrwr = D Y kale s)CHlIS; | (Fi/ il g3/ lgs1)* (3.9)

i=1 j=1

Notice that we retrieve here the fact that varifolds are non oriented objects: the
scalar product does not depend on the choice of the orientation for each edge =+ f;.
One can check that in the case of two triangulations in R?®, with the linear kernel
for k;, we get:

N M

(e = D2 S byt t)ITITY () (3.10)

i=1 j=1

where nr, is one of the two normal vectors of 7;. Once again the scalar product does
not depend on the choice of the normal vector +ny.

Remark 3.11. An important question to tackle is the question of universality.
With the kernels that we choose, we have an embedding j : W — 65(R? x G(d, m)),
i.e. a continuous injection. The dual application is j* : €o(R? x G(d,m)) — W'.
Howewver, j* needs not be injective. This means that two distinct varifolds p and p/
may have the same image by j*. And so, the distance between p and p' in W' is
null: the metric on W' is only a pseudo distance on 65(R¢x G(d, m))". The property
of universality for a kernel, introduced in [Carmeli et al., 2008/, is equivalent to the
fact that 7% 1s an embedding.

This question has been answered in the case of varifolds in [Charon, 2013]. For
example, in the case of Gaussian kernels for k, and ki, the kernel Ky fulfils the
condition of universality and the distance on W' is a real distance on the space of
varifolds. We refer to [Charon, 2013], 3.3.2 for more details. This question will be
tackled more specifically in the case of kernel metrics on normal cycles in section 3.4.

A weaker result can be shown: even in the case of the linear kernel for k;, the

norm on W' defines a distance on the varifolds associated with submanifolds. See
[Charon, 2013/, chapter 8 for more details.
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3.3 Kernel Metrics on Normal Cycles

3.3.1 Spatial kernel, normal kernel

Normal cycles are (d— 1)-currents on the space R?x S971 i.e. elements of Qg_l (RY x
S=1Y_ Thus, the previous construction on currents can be used to define a distance
between shapes as the norm of the difference of their normal cycles for a given kernel
metric. This requires only to choose a scalar positive definite kernel k& on R x S9-1.
We define k£ as a product of two positive definite kernel, a point kernel £, and a
normal kernel k,,:

k((*% U), <y7 U)) = kp($v y)kn(uv U)'

which is a positive definite kernel ([Aronszajn, 1950]). Defining k as a product of two
kernels is justified by the fact that the point-space R? and the normal-space S%!
have different geometric meanings and therefore should be considered separately.

The choice of the spatial kernel is classical in computational anatomy, and £, is often
—lz—y[?
o

a Gaussian kernel k,(z,y) = exp ( ) or a Cauchy kernel k,(x,y) =

2 .
_
1+| 2?4‘
W

3.3.2 Choice of the normal kernel

We focus now on the choice of k,. The features that we want for this kernel are
the following: it has to fulfil the hypothesis of proposition 3.16, namely k,(u,.)
has to be €. Moreover we would like to have an explicit expression of k,, which
fits well in a computational framework. For this we will intensively use expan-
sions in spherical harmonics. For a complete summary on spherical harmonics, see
[Atkinson and Han, 2012].

Following [Atkinson and Han, 2012|, Sect. 3.9, we will consider kernels of the
form

Fo(0,0) =D mYin () Yim (v) (3.11)

>0 m=—1

that is kernels with an explicit expansion in spherical harmonics. We will see that
this expression encompasses some well known kernels as for example the linear kernel
restricted to the sphere or some reproducing kernels of Sobolev spaces. Moreover,
it is possible to link the regularity of the kernel &, and the coefficients oy ,,. Finally,
we have a control of the approximation by truncation of (3.11).

First of all, for both numerical purposes and applications, the kernel k, should
be rotational invariant, i.e.

Ekn(Ru, Rv) = ky(u,v), YR € O4(RY)

this is the case if, and only if in the expression (3.11), oy, does not depend on m
(Th. 3.25 of [Atkinson and Han, 2012|). Thus we are looking now at kernels with
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expression
!
kn(u7 U) = Zal Z E,m(u)ifl,m(v)
>0 m=-—I

Using real valued spherical harmonics (see Appendix B), we get

Fau,0) = > {Yzow)m(v) + ) (Vo ()Y, (v) + nfm<u>nfm<v>>} . (312)

>0 m=1

Theorem 3.12. If ), o |a[(2l + 1) < +oo, the kernel defined in (3.12) is continu-
ous.

Proof. Using the Addition Theorem (Th. 2.9 of [Atkinson and Han, 2012|, recall in
Appendix B), we have

b 0) = S a2 B,

1>0

where P, are the Legendre polynomials. We can show that Vo € [—1,1], |P(z)| < 1.
Thus, if Yo, a|(20 + 1) < +oo, the sum in (3.12) uniformly converges, and thus
the kernel is continuous. O

The Sobolev kernel seen in subsection 3.1.3 has nice embedding property:

Proposition 3.13. If k, is a scalar kernel, k,(z,.) € €, (R%,R), k, is the repro-
ducing kernel of H*(S%1), s > L then W — Qf 1(R? x 5971,

Proof. 1f we choose s > % for the Sobolev kernel k,,, then we have Sobolev injec-
tions (see [Brézis, 2011], Chap. IX. The results can be applied straightforwardly to
the case of compact submanifolds without boundaries using partition of unity on

a finite atlas of the manifold): H*(S4!) < €79(5%71), V0 < j < s — 1. Thus

if s > € He (ST — €'(S*'). Kw, which is a tensor product of k, and
k, is such that 0,0oK (with the same notations as [Micheli and Glaunes, 2014))
exists, and is continuous, and locally bounded. Moreover, Ky (., (z,u))T €
5 (RY x ST A (R? x RY)) because ky(z,.) € €3 (R%R). By Theorem 2.11

of [Micheli and Glauneés, 2014], we conclude that W < Qf ' (R? x $4°1). O

In one hand, the Sobolev kernel has nice regularity properties that provides a
sound mathematical framework (see section 3.4). But on the other hand its com-
plexity is prohibitive for now in the case of surfaces. This is why we will use simpler
kernels: the constant kernel k,(u,v) = 1 and the linear kernel k,(u,v) = (u,v).
Notice that the constant kernel is only a semi-definite kernel. However it will prove
useful to simplify the computation of the discrete scalar product. The Sobolev kernel
will be implemented for discrete curves only.
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3.3.3 Orthogonality in the RKHS

Now the reproducing kernel for normal cycles will be
<KW<(:C7 u)? (yv U))T], V>Ad*1(]Rd><Rd) = kp(xv y>kn(u7 U) <777 V>Ad*1(Rd><Rd) with
v,y €RY u,v €S, n,ve AR x RY).

Remark 3.14. Instead of the canonical scalar product on R? x R, we can choose a
weighted scalar product, as for example: ((T1,11), (T2, V2))y = T1 - To + Avy - 1o, where
7, Vi € RT and X\ > 0. The scalar product on A% (R? x RY) is then:

(g Ao Augor,vr A+ ANvg_1)y = det ((ug, v;) )

where u;,v; € RY x R, This introduces a new weight parameter in the model, but
is justified again by the fact that the two R? spaces in the cartesian product have
different geometric meanings. Also, as we will see in Chapter 4, when analyzing
homogeneity properties of the functional with respect to scaling, it seems clear that
A should depend on the scale ow of the space kernel k,.

We recall that we can decompose the space Q4 *(R? x S971) as a direct sum of
W= defined in definition 2.42 and following remark:

d—1
Qi (R x ST = P WG
=0

where Wi = W NQF ! (RY x S9471) With the choice of scalar kernels, we have an
interesting feature for the scalar product on normal cycles associated wit the kernel
metrics: the planar, cylindrical and spherical part are orthogonal with each other.
This is sum u in the next proposition.

Proposition 3.15. Suppose that k, and k, are scalar kernels. Then the sum
@;1:—01 WL is orthogonal for the kernel metric:

(2

W NW Ly Wi W fori # j

Proof. Since the scalar product on W comes from a scalar kernel:
KW((:L', u), (y, U)) = ky(z,y)kn(u, v)Idpa-1(Raxgray.

Thus, we see that the spaces I/I/'id’1 are orthogonal because the spaces Fi“‘l’1 are
orthogonal for the canonical scalar product on A?"}(R? x R%). Let us prove this
property for the cylindrical and spherical part (i.e. in our case Fg_l and F L.
The proof of the other orthogonal properties are similar. The respective typical
d — l-vector associated are of the form 7 = (71,0) A (0,72) A ... A (0,74-1) and

v=1(0,15) A...A(0,v4-1), and the scalar product between those two vectors is:

115



Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

(7'1,0).(071/1> (Tl,O).(O, VQ) (71,0).(0,Vd_1)
. (O,TQ).(O,I/l) (0,7’2).(0, VQ) e (O,Tg).(o,l/d_l) B
(r,v) = 5 E 2 =0
(0,74-1)-(0,21) (0,74-1).(0,22) -+ (0,74-1).(0,v4-1)

since all coefficients in the first line of the above matrix equal to zero. Thus the scalar
product of a cylindrical part and a spherical part of normal cycles vanishes. O

This means that the spaces (M/i‘f()’ "M W)" are orthogonal for the scalar product
on W’. Considering Q3(R* x S?), i.e. curves or surfaces in R? the planar part,
cylindrical part and spherical part of the normal bundle are orthogonal for the
kernel metric. This will simplify a lot the calculus of the scalar product between
discrete shapes. And it inspires the decomposition of the normal cycle that has been
done in subsection 2.4.3.

3.3.4 Scalar product on normal cycles

Proposition 3.16. If k, is a scalar kernel, k,(z,.) € €3 (R%,R), k, is the normal
kernel, k,(u,.) € €1(S*1), then W — Qf H/(R? x §9-1).

Proof. This is simply an application of proposition 3.9. O

And for the same reason as for classical currents (see (3.3)), for every S set
with positive reach, N(S) € W’. Thus the Hilbert norm on W' is a dissimilarity
measure for normal cycles. The fact that this norm is a proper metric on the space
QI (R? x S?=1)" is not obvious and will be seen in section 3.4.

The scalar product between two shapes S and C' (which are both sets with
positive reach) is

(VOLNSye= [y u)b0) (o 0 00 s s
C S
dA (z,u)d A (y,v) (3.13)
The kernel in this formula takes into account both the spatial localization and

the normal position through the kernel and the tangent plane of the normal bundle
((Tanvg (2, u), Tar. (y,v))). The square of the distance between shapes is then:

d(S,C)* = |N(S) = N(C) Iy = (N(S), N(S))y
+(N(C), N(C))yyr = 2(N(5), N(C))y (3.14)

This equation remains valid for sets that are unions of sets with positive reach.
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3.4 Universality

As explained previously, the kernel setting provides a dissimilarity measure between
shapes through the expression (3.14). In this subsection we tackle briefly whether
or not this dissimilarity measure is a real distance.

With proposition 3.13 we have a continuous injection j : W — Qg_l(Rd x §4-1).
However the dual metric that we use on normal cycles comes from the continuous
dual application :

j* . Qg—l(Rd > Sd—l)/ N W/

which may not be injective. This results in a pseudo distance only : it may be
possible to have N, M € Qi '(R? x S4=1)| N # M with |j*(N) — 5*(M)|y» = 0.
Thus, we have no guarantee that the distance (3.14) is a proper distance. We will
prove here that with some specific kernels k, and k,,, this does not happen, and thus
the dissimilarity measure is a proper distance.

Using a corollary of the Hahn-Banach theorem (|Brézis, 2011], Corollary 1.8),
it can be shown that j* is injective if, and only if W is dense in Q3 '(R? x S91).
This density property of a RKHS in a space of continuous functions is called the
%¢"-universality of the kernel. It has first interest in machine learning with kernels
as it guarantees that any continuous target function can be approximated using the
kernel. It has been studied for scalar kernels in [Micchelli et al., 2006], and in the
case of vector valued kernels in [Carmeli et al., 2008]. Note that the universality is
also useful for optimal interpolation in Hilbert subspaces [Werther, 2003|, chapter 4.
As far as we know, this point of universality has been first addressed in the setting of
dissimilarity measure for shapes in [Charon and Trouvé, 2013], with kernel metrics
on varifolds.

Theorem 3.17. d defined in (3.14) with kernels of proposition 3.13 is a distance
on QIR x S4-1Y.

Proof. In our framework, we have a RKHS W, with kernel Ky : (R? x S471)2 —
L (AN R x RY)), with Kw((z,u), (y,v)) = ky(x,y)kn(u, v)Idpa-1(gixga). Using
Example 14 in [Carmeli et al., 2008|, Ky is a universal kernel if, and only if £, ® k,,
is a universal scalar kernel. Moreover, using Example 15 of the same reference, for
k, ® ky, to be universal, it is sufficient that k, and &, are universal. We are left to
show that both £, and k,, are universal. In our applications, k, will be a Gaussian
kernel, which is universal (see [Carmeli et al., 2008] or [Micchelli et al., 2006]). For
the normal kernel k,, we will make use of the expansion in spherical harmonics
. indeed, we recall that we choose k,(z,y) = > ,cn an:_l mlﬁm(x)}ﬁm(y)
Using theorem 7 of [Micchelli et al., 2006], and the fact that the spherical harmonics
are dense in €(5?) for the norm of uniform convergence (|Gallier, 2013|, Prop. 1.6),
we get that k, is a universal kernel as well. Thus the reproducing kernel Ky, is a
¢ -universal kernel and the dual application j* is one-to-one, which proves that d
defined in (3.14) is a proper distance on normal cycles. ]
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3.5 Insight of the Properties of the Metric with
Constant or Linear Normal Kernels

In this section, we study two specific normal kernels k,,: the constant kernel and the
linear kernel. Both kernels give simple expression for the metric on normal cycles.
In this setting, we are able to provide information in term of the curvature that is
encoded for the associated metric.

3.5.1 Constant Kernel

Let us start with the constant kernel k,(u,v) = 1, for all u,v € S9~1. The kernel
Ky on Q371(R? x S%1) is then:

KW((:L‘, u), (y, v)) = kp(2, y)ldpa-1(Raxpay.-

and the expression of scalar product between two normal cycles N(C') and N(S),
associated with shapes S and C is

(N(C), N(S)) s = /N /N by (,9) (7o (1 0), 7o (9, 0)) HE (2, ) AR (9, 0),

(3.15)

Even though we use a constant kernel for the normal kernel k,, this does not

mean that we get rid of any information on the normal part. Indeed, as we can

see in (3.15), the normal part is involved through the scalar product of the tangent
vectors of the normal bundle.

Sensitivity of the kernel metric to the curvature of the shape

Let us now investigate which kind of curvature we can hope to retrieve with this
coarse kernel. For this purpose, we consider C' a smooth closed surface in R3.
We recall that with the construction of the RKHS W, we have N(C) € Q3(R? x
S%) c W’'. Now we want to specify which kind of curvature about C' the metric
on W' is sensitive to. For this, we focus on the representation of N(C') on W, i.e.
KwN(C) € W — Q3(R* x S?). Once this representation is clear, we can draw a
link between the differential form Iy N(C') and the work that we have presented
on curvature, section 2.5. Using the same notation as definition 2.42, we want to
express Ky N(C) in the spaces resp. W2, W2 and W2 as these spaces are closely
linked to the curvature (respectively Gaussian, mean and area form).

For this, consider (y,v) € R¥x 5% 7€ A2 (R*x S?) andw € W, w = k,(y,.) (1, .).

N(C)() = (V(O), Kty = (K N(E), whyy = KoK N(©)
:/ ky(z,y) (Tae (x,u), T) dA?(x,u).

Nc
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With the same notation as in section 2.5 and with the Co-Area formula, we get:

(N(C), ICWw> / (x,y </Nor xc)le%—kzanNC:ﬁud%O u), >d%ﬂ2(x).

(we recall that k;(z,n) are generalized curvature introduced in Chapter 2, (2.11)).
Let x € C + n(x) € S% be a normal vector field orienting the surface C. Then
we recall that at each point z € C, C has two directions of principal curvatures
bi(x), by(x) associated with curvatures kq(z) and ko(x) and that

e (T, n) = N ,12 TONE ,12 @) (h(ﬁlﬁféﬁlm)) A <k:2(xb,27(§l;£c7n))

and we have

(kl oo n<x>>) : (kz@e, e, n(x») - (mbi)(ff(g;)) " (w(ba?)(i)(x))

and

(it it ) st it aten) == (s s

Thus, one gets immediately

/Nor wHVHmn%xM%O >_2[(bl) (n2b2)+<510b1>/\<b()2>](37)

Re-injecting this expression in <N (@), IC;Vlw>W,, we obtain:

wion =2 e ([ (3) 7 () = ()2 (5) ) o
and finally,
(%1) : (’432()52) * (Klobl) A (%2) ] (@), > d*(x)

K N(C) = Q/Ckp(:c, ) <
(3.16)

We have proven that Ky N(C) € W2. As a reminder, it was shown in section 2.5,
(2.33) that the space of differential forms W¢ is linked to the Gaussian curvature,
WE to the mean curvature and W3 to the area of the surface. The expression
of KwN(C) implies that the constant kernel is neither sensitive to the Gaussian
curvature nor to the area form of C'. On the contrary, it is sensitive to the mean
curvature of C'. As said previously, it shows that we do not get rid of all the curvature
information of the shape, even though the normal kernel is “rough”. We will come
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across this property of the constant kernel when dealing with triangulated meshes:
the kernel metric associated with triangluation will be sensitive to the mean discrete
curvature, represented by the edges of the triangles and not to the area (represented
by the triangles themselves) or the Gaussian discrete curvature (represented by the
vertices).

Remark 3.18. The same work can be done for discrete curves in R%: doing so, one

can show that
k:p(x,.)<( 0 ) (:v),.>d%”1(x) (3.17)

K1by

K N(C) = 2 /

C

The metric with constant kernel is sensitive to the curvature in R?. The calculations
are more intricate for curves in R3, but one gets:

KwN(C) =7 /C k(2. ) <(/€?b1> () A <n0?x)> ,d> AN 2)

where no(x) is the direction of curvature for the curve C' (i.e. ng points toward the
center of the osculating circle of C' at point x).

3.5.2 Linear Kernel

The second simplest example of a kernel that we can chose on S? is the linear kernel
restricted to the sphere:

kn(u,v) = (u,v)

which generates the space of linear forms on R3 restricted to S?. There is another
way of seeing this kernel. We recall that the geodesic distance on the sphere, dg is
as follow:
ds(u,v) = arccos ((u,v) ), Vu,v € S
Then, ky,(u,v) = (u,v) = cos (ds(u,v)). This defines a positive definite kernel

associated with the distance on the sphere. If we choose a Gaussian kernel for £,
the vectorial kernel of the generated RKHS, Ky is then:

kw((x, u), (y, v)) = exp(— ||z — y||2 /%) cos (dg(u, v))IdAz(Rsxsz).

It is thus obvious that we have the embedding of the associated RKHS on ¢! (5?).
However the generated RKHS is not dense in ¢°(5?) which implies that the univer-
sality property is not fulfilled (section 3.4).

Using spherical coordinates, one can easily express k,, using spherical harmonics

8T

Fu(u,0) = == (Yio(u)Yao(v) + Vi3 () YT (0) + Vi (w) Y1 (v))

The expression of scalar product between two normal cycles N(C) and N(S5),
associated with shapes S and C'is then :
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(N(C), N(S)) = /N /N By, ) (1, 0) (rage (2, 0), 7oy (3, 0)) AHE (2, )M (3, 0)
T (3.18)

Sensitivity of the kernel metric to the curvature of the shape

We detail here the same work as the one done for the constant kernel: the aim is
to express the normal cycle N(C') of a shape C' in the space W, namely Ky N(C).
Hence we can express Ky N(C) in the spaces W2, W2 W2 and formalize the kind
of curvature that is encoded by the kernel metric Kyy.

Let (y,v) € R*x 8% 7€ A2(R? x S?) and w € W, w(z,n) = ky(y, x) (v,n) (1,.).
Consider a closed smooth surface C'. The calculations are similar to the one of
constant kernel and we have:

2

<N(C’),IC;V1w>W, = /Ck:p(x, Y) </N e {u,v) H A/ 1+ E2(x,n) 7 (z, u)d%ﬂo(u),T> dA#* ().

i=1

We suppose that the surface C' is oriented by a normal vector field x — n(x).
We need to compute:

2

i=1

And thus,

(N(©), Kiw),, =2 /C e <<n(x),v> [(lﬁ(’bl) A (HS@) " (%1) A (bO?) ] (g;),T> 4%(z),

(3.19)

This means that Ky N(C') has a component on the space W§ and a component on
the space W2: the metric on normal cycles with linear normal kernel is sensitive to
the Gaussian curvature and to the area form of the surface C'. However, it is not
sensitive to the mean curvature. We will come across this property with triangulation
meshes, since the metric with linear normal kernel will have a term associated with
the triangles (discrete volume form), the vertices (Gaussian discrete curvature) but
not the edges (mean curvature).
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Remark 3.19. The same work can be done for discrete curves in R%: doing so, one

can show that
Kw N(C) = Q/Ck:p(x, ) <(%1) (2), > 4 ()

The metric with linear kernel is sensitive to the volume form on the curve but not
sensitive to the curvature in R2. The result is still true for curves in R® but the
calculations are more intricate.

Remark 3.20. In fact, the same calculations can be done for normal kernels that
write ky(u,v) = (u,0)*, k positive integer. The kind of curvature that is retrieved
with the metric on normal cycles depends on the parity of k: if k is even, only the
mean curvature will be encoded, and if k is odd, the area form and the Gaussian
curvature is encoded.

A good choice of kernel would be a kernel that captures all the curvatures mea-
sures. For example this is the case for the normal kernel which is the sum of the
constant kernel and the linear kernel:

kn(u,v) =14 (u,v).

3.6 Convergence Towards the Continuous Shape

In the former sections we have seen the reproducing kernel theory, applied to obtain
an explicit metric on the space of (d —1)-currents on R¢ x S4~1 (and in particular on
the normal cycles associated with union of sets with positive reach). Now in com-
putational anatomy, a continuous shape is approximated with a polyhedral shape.
In order to have a consistent framework, we would like that the normal cycle of the
approximation we are dealing with is not too far from the theoretical one. Or at
least having a convergence result for the kernel metric when the diameter of meshes
is close to 0. The theorem we will use here is from J. Fu [Fu, 1991]. In order to
have a convergence result for normal cycle, we have to keep in mind some patholog-
ical examples as the Schwarz polyhedron (see the discussion in [Rado, 1943|): it is
possible to have a polyhedral approximation of a cylinder, with diameter of meshes
going to zero, and yet the area of the approximations blowing up. This is to link
with of theorem 2.51 and discussion below, where we have seen that the convergence
of normal cycles implies the convergence of areas. This is why it seems necessary
to have a control of the way diameters tend towards 0. More precisely for the next
result, we will need the notion of fatness of a triangulation.

Definition 3.21. Let T be a k-simplex, with vertices vy, ...,v,. The size of T is
n(T) = max |v; — v
The fatness of T is

122



3.6. Convergence Towards the Continuous Shape

(M) . o
O(T) := min Ty 18 a j dimensional face of T,j =0,...,k

Let A be a triangulation. The fatness of A is

O(A) :=min{O(T),T is a k-simplex of A}

This definition of fatness is less restrictive than the usual definition because
it takes into account all the j-dimensional faces. Bounding below the fatness of
a triangulation guarantees that the angles of the triangles are not too close to 0.
Hence we avoid pathological cases as the Schwarz polyhedron.

Now let X be a smooth submanifold in R?. To have a convergence result for the
approximations, we will demand that the approximations are closely inscribed in X:

Definition 3.22. A triangulation A is inscribed in X if:

1. All vertices of A lie in X
2. All vertices of OA lie in 0X.

A is closely inscribed in X if, additionally:

1. A C X, and the projection on X restricted to A is one-to-one.
2. OA C (0X), and the projection on 0X restricted to OA is one-to-one.

We can now state J. Fu’s theorem:

Theorem 3.23. Let (P"),en be a sequence of triangulations of a smooth submanifold
X in RY, closely inscribed in X. Suppose that P" — X and OP" — 0X in the
Hausdorff metric on subsets of RY, and that for every n € N, ©(P") > ¢, for some
constant ¢ > 0. Then N(P") — N(X) for the flat metric.

The proof of this theorem is far beyond the scope of this manuscript, thus we
will only make a few remarks on it. The proof relies on the theory of compact-
ness for integral currents (see [Federer, 1969|, 4.2) coupled with a uniqueness re-
sult for normal cycles ([Fu, 1994], 3.). A direct corollary is the convergence of
the curvatures of the approximations, in the sense of weak convergence for mea-
sures. It can be obtained using the Lipschitz-Killing differential forms (defini-
tion 2.49, |Zahle, 1987|, [Morvan, 2008] chap. 21). Since this theorem uses com-
pactness, it prevents us from a quantification of the rate of convergence. Note that
in [Cohen-Steiner and Morvan, 2003|, [Morvan, 2008|, the authors use a different
argument in order to have a bound for the convergence of curvature measures and
tensors, using normal cycles.

This theorem guarantees that under some conditions on the triangulations, we
have convergence of the normal cycles of the approximations towards the normal
cycle of the smooth manifold, for the flat norm. Then it is sufficient that W is
continuously embedded in Q%l(Rd x 8?71 equipped with the flat norm to have the
same result with the kernel metric. The next proposition shows that it depends only
on the regularity of the kernel.
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Proposition 3.24. Let k be a positive kernel on the product space R x S such
that k is twice continuously differentiable, with bounded first derivatives. Suppose
in addition that for any (z,u) € R4 x ST k((z,u),.) and its first order derivative
vanish at infinity. Then, the RKHS associated with k is continuously embedded in
Q‘f’gl(Rd x SV with the flat norm on differential forms.

Proof. Following the proof of [Glaunés, 2005|, theorem 9, chapter 2, we can show

that for any w € W,
[wll 00 < A/ 1Bl 00 el -

Here [|w]l; o = llwllo + |1 Dw]
seen as an application from R? x S9! to the vector space A?"1(R? x R?)*. This is
not exactly the flat norm, which is ||w||z == ||w|| + ||dw]| ., Where dw designates the
exterior derivative of w. However [[w|z < este[|w][, .. dw(x,u) is indeed obtained
by making Dw(z,u) into an alternating map in all of its d arguments (and not only
in the last d — 1 ones):

where Dw refers to the differential of w, i.e. w is

[elel)

d
dw(z,u)(vy A+ ANvg) = Z(—l)ti(x, w)(v) (v A Avi_1 AVl A Avg)
i=1

where v; € R%. Thus a control of the uniform norm of Dw ensures a control on the
uniform norm of dw. So, there exists C' > 0 such that for every w € Q4 (R x S%1)

|l < Cy /Il 00 €l

which proves the embedding.
O

Thereby, the dual application j* : Qf ' (R? x S4') < W' is continuous and
injective with theorem 3.17, and provides a distance on Q‘ﬁ]l (R4x S41) resulting for
the Hilbert structure of the RKHS W. This, combined with theorem 3.23 guarantees
the convergence of the approximations for the kernel metric on normal cycles, under
the same conditions.

Theorem 3.25. Let (P"),en be a sequence of triangulations of a smooth submanifold
X in RY, closely inscribed in X. Suppose that P" — X and OP" — 0X in the
Hausdorff metric on subsets of R, and that for every n € N, ©(P") > ¢, for some
constant ¢ > 0. Then N(P") — N(X) for the kernel metric.

Remark 3.26. The assumption of closely inscribed triangulations is quite restrictive
compared to some assumptions that one can find in the I'-convergence for functional
shapes with varifold norm ([Charlier et al., 2015b]), or in curvature approximation
of smooth surfaces ([Cohen-Steiner and Morvan, 2003], [Buet et al., 2015]). We did
not investigate much yet to relax it, however it does not seem immediate since we
use theorem 3.23, whose proof relies on this hypothesis.
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3.7 Expression of the Kernel Metric for Discrete
Shapes

In this section, we derive the expression of the kernel metric for discrete shapes
(curves in R? and surfaces in R?) for various normal kernel k,: constant, linear and

Sobolev.

3.7.1 General considerations

Let us first introduce the notations that we will use in the following.

Notations for discrete curves

C=0CU---UC, S=5U---US,, will be two unions of segments in R
We denote zi,...,xn. (resp. yi,...,yng ) the vertices of C' (resp. of S) and
fi=ap —xp,1 < i < nc (resp. g; = Y =Yg, 1 < j < ns) the edges of C
(resp. S). For an edge f;, z and w2 are its two vertices. Moreover, we define
¢ = %(xf} + xp2), dj = %(ygjl, + yg]z) the middles of the edges f; and g;, and,

0;; = arccos << ‘?‘, |Z—;|>> the unoriented angle between f; and g; (6;; € [0, 7]).

Notations for triangulated surfaces

Let T = UY,T; and T’ = UM T/ be two triangulated meshes. We denote 1, ..., x,,
(resp. y1,---,Ym,) the vertices of T (resp. of T'). Given a triangle T; (resp. Tj),
v}, w2, v} are its three vertices and b; its barycentre: b; = (v} + v7 4 v}) (resp.

b). (fi)i<i<n. (vesp (gi)i<i<m,.) are the edges of T (vesp. T'). £ng, are the normal
vectors of the triangle 7;. Moreover:

° Iy and Ty2 are the two vertices of f;: f; = T2 — Xy
e ¢; (resp. d;) is the middle of the edge f; (resp. g;).

e ny 4, is the normal vector of the triangle 7" such that ny s, x f; is oriented inward
for the triangle 7'

We recall that with the kernel metric, the planar, cylindrical and spherical parts
are orthogonal one with another. The calculation of the expression of 3.13 in this
case is simplified:

Proposition 3.27. For any two unions of segments C' and S, the cylindrical part
N(CY¥ and the approzimated cylindrical part N(C)%L — are orthogonal to the

approx
spherical part N(S)*P" with respect to the kernel metric presented in section 3.3:

(N(C)YY NS = (N(C)i e N(S)P"),, = 0.

approx)
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For any two triangulated surfaces T and T', the planar part (exact and approz-
imated), the cylindrical part (exact and approximated), and the spherical part are
orthogonal one with another with respect to the kernel metric presented in section 3.3:

<N(T)pln, N<T/)cyl>W/ — <N(T)Cyl,N(T/)Sph>W, — <N(7‘)sph’ N(T,)pln>w/ =0

Proof. This is an immediate application of proposition 3.15 using the fact that the
planar part (resp. cylindrical part, spherical part) are elements of (W3)" (resp.

(W), (Wg)) O
Remark 3.28. If we consider the weighted scalar product on R? x R (see re-
mark 3.14), then it can be easily shown that we have:

(N(C), N(8))yy = (N(CY™, N(SP"™) 1+ A (N(C), N(S)P) 1, +X° (N(C) ", N(S)™")

W/
where (-, -)Wi denotes the Hilbert metric induced by the weighted metric on R? x RY.

We see here how convenient the decomposition introduced in subsection 2.4.3
is: we only need to compute scalar products between spherical parts, and scalar
products between cylindrical parts. That is what we will do right below.

Error of the approximation

We focus here on the error of approximation between N (C')approx Previously defined,
and N(C), where C is a discretized curve or surface in R%. More precisely, if we
consider a segment C with extremities @ and b, and w € Q471 (R? x S41), we have
for the cylindrical part of the original normal cycle:

N(C)¥ (w) = / (w(x,n)|(1,0) Av(n)) dH* (x,n)

(b—a)x Slf;a

where 7 = ”Z:Z”, and v(n) is defined as in definition 2.47 (for v = b — a).

Proposition 3.29. Assume that W is continuously embedded in Q%l (R4 x S4-1).
Then if C' is a discretized curve, we have

IN(C) = N(C)approaly < KI(C)5(C)

where 1(C) = H(C) is the length of C, and §(C) is the mazimal length of the

segments of C. K is a constant.

Moreover is T is a triangulation mesh, we have:
||N(T) - N(T)appmﬂ&”Wf < KArea(T)é(T)

with 6(T) is the mazximal area of the triangles of T
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Proof. We prove the result for union of segments. The reasoning is similar for tri-
angulated meshes. We recall that we do not use any approximation on the spherical
part and that the cylindrical part and the spherical part are orthogonal with re-
spect to the kernel metric. Thus, to estimate the error, it is sufficient to look at the
cylindrical part of the normal cycles involved.

Let w € ch,f)l(Rd x S971) and S = [a, b] be a single segment. We have:

V(™ = N(S) ) )] -

approx

/ (w(z,n)|(7,0) Av(n)) dH " (x,n)
(b—a)xS;-

— /sl (w(e,n)|(b—a,0) Av(n)) dH2(n)
_ / (w(z,n) — w(e,n)|(7,0) A ()| dH (z,n) (3.20)
(b—a)x S;-

Since W is assumed to be continuously embedded in the space of C! differential
forms, then we have |w(x,n) —w(c,n)| < |lwll; o |7 — | < K ||lw[ly |c — =],
Thus
[(N(S)¥ = N(S)eror) (W)| < K ||wlly [b— af?

approx

where K’ is a constant taking into account K and the Hausdorff measure of S;- ,.For
the total discretized curve C', we get:

|(N(C) = N(CYppron) )] < C llwlly UC)H(C)

approx

which proves the result. O

3.7.2 Discrete scalar product with constant normal kernel
In this subsection, we express the discrete version of the scalar product (3.13) for
union of segments and surfaces, with the constant normal kernel, k, (u,v) = 1.
Scalar product of discrete curves

Proposition 3.30. Let C and S be two unions of segments. The scalar prod-

uct between the associated normal cycles with spatial kernel k, and normal kernel
kn(u,v) =1 is

7'(2

(N(C), NSy = 7 D2 > klwin ) (As, By) (3.21)

=1 j=1

where A; = >, fi/lfi| is the sum of the normalized edges with x; as vertez, and
ortented outward from x;.

Proof. See Appendix A.1.1 n
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

It encompasses the case of branching points with three or more edges with the
same vertex x;. Let us make a few remarks on this expression. Interestingly, this
scalar product can be obtained with a metric on current. Indeed, if we denote
Wewrr — Q5(R?) the RKHS of differential forms generated with the scalar kernel k,,

then we have
(V(C). N(5) <Z ZaB >

With this metric, a union of segment is seen as a sum of dirac currents, localized
at the vertices of the curve, and oriented by the vector A;. We retrieve the fact
that this metric is sensitive to curvature since H i grows when the discrete

vV/

curr

curr

curvature at point z; grows.

The computational complexity is not high compared to current or varifolds. The
scalar product is basically a double loop on the vertices. However, we must pre-
compute the edges that are linked to each vertex.

We refer to Appendix A.1.1 for the procedure to compute the gradient of this
scalar product with respect to the vertices.

Scalar product of triangulation meshes

Proposition 3.31. Suppose that T and T’ are two triangulated meshes. The ap-
proximated scalar product between the associated normal cycles with spatial kernel
k, and constant normal kernel k,(u,v) =1 is

2 Me Me
<N(T)app7’0$7 N(T,)approx>wf = WZ Z Z kp(ci7 dj) <fzv gj> < Z T, fis Z nT’vgj>

{T|fi edge of T} {T"|g; edge of T"}

Z > k(i yy) (Ai, By)

T; verteacy] vertex

of 0T  of BT’
(3.22)

where A; = >, fi/|fi] is the sum of the normalized edges of the border, with

x; as vertex, and oriented outward from x;, and nr,y s the normal vector of the
triangle T; such that nr, g, X f; is oriented inward for the triangle T .

Proof. See Appendix A.1.2 O]

This can be re-written:

2 e
<N(T)appr0x7 (T,)approx = Z Z k Cw fza gj> < Z T, fis Z nT/79j>

i=1 j=1 {T|fi edge of T} {T"|g; edge of T'}
+ (N(OT), N(OT )
(3.23)
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3.7. Expression of the Kernel Metric for Discrete Shapes

The expression (N(9T), N(OT"))y is exactly the scalar product of the curves
OT and OT' that has been computed right above. Notice that the planar part and
the spherical part are not involved in this scalar product (except for the spherical
part of the border).

Some remarks: first, we recall that the previous expression does not necessitate
a coherent orientation for the mesh. Secondly, even with a constant kernel k,, for
the normal part, the metric is sensitive to curvature. Indeed, for an edge f, the
cylindrical part of the scalar product involves scalar products between normal vectors
of the adjacent triangles which are required quantities to compute the discrete mean
curvature. Another interesting feature to notice is that the scalar product involves
a specific term for the boundary which will enforce the matching of the boundaries
of the shapes. The fact that the boundary has a special behaviour for the normal
cycle metric is not surprising. Indeed a normal cycle encodes generalized curvature
information of the shape. Hence, the boundary corresponds to a singularity of the
curvature and has a specific behaviour in the kernel metric. We will see in Chapter 4
that this feature is of interest for a matching purpose.

In term of computational complexity, we see in (3.22) that the model of normal
cycles on surfaces is more sophisticated, even with a constant normal kernel. The
scalar product involves a double loop on the edges of the triangulations, as well as for
each edge, the computation of the sum of the normal vector of the adjacent triangles.
However, it is the same order of complexity as varifolds for the computation of
the scalar product, i.e. O(n?) where n. is the number of edges which is often
the same order as the number of triangles. For the computation of the gradient
(see Appendix A), the complexity remains O(n?) but the number of operations for
each iteration increases, much more than for varifolds. Thus the evaluation of the
gradient is the time-consuming part of the implementation. We refer to Chapter 4
for a further discussion of the time per iteration in the registration framework.

3.7.3 Discrete scalar product with linear normal kernel

Now, we focus on the linear normal kernel, &, (u,v) = (u,v).

Scalar product for discrete curves

Proposition 3.32. Let C' and S be two unions of segments. The approrimated
scalar product between the associated normal cycles with spatial kernel k, and linear
normal kernel k,(u,v) = (u,v) is

a2 e

(N(Capprozs N(S)approz )y = —sz ci, ;)| fill gl cos® s

11]1

M
167r Mgy m
j

where ng, (resp. my,) is the number of segments with xy as vertex (resp. y;) and

cos iz = (fi/lfil> 95/19;)-
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

Proof. See Appendix A.2.1. O

We obtain a metric that is the sum of two terms. The first term, associated with
the cylindrical part is exactly a varifold term with the linear kernel on G(d, m) (3.8).
The second term, associated with the spherical part vanishes, except for branching
points or extremities.

For a regular closed discrete curve, this metric is thus exactly the one of varifolds
with the linear kernel on the Grassmanian. We retrieve the fact that with the linear
normal kernel we do not get curvature information for curves. The spherical term
can be seen as a measure term. In fact, if we consider the RKHS of scalar functions
generated by the scalar kernel k,, and we denote it W,,cqs, and if we denote W,
the RKHS of €°(R* x G(3,1)) generated by the scalar kernel k, ® k; with k; the
linear kernel on the Grassmanian, then:

w2 1672 /& Ny, -
<N<C)approzy N(S>approm>wl == 7 <,qu MS)WLM + 3 Z 1 - 7 5mk7 Z 1—

k=1 =1

The complexity is the same as for varifolds, since for most curves, the number
of extremities or branching points is very low.

Scalar product for triangulation meshes

For the linear kernel, the scalar product between spherical part is complex and thus
we provide for now only a truncated version of the exact scalar product. This trunca-
tion is an important limitation: the approximated scalar product has no theoretical
guarantee. However, it is still interesting to discuss it.

Proposition 3.33. Suppose that T and T' are two triangulated meshes. The trun-
cated scalar product between the associated normal cycles with spatial kernel k, and
linear normal kernel k,(u,v) = (u,v) is

N M

2
<N(T)approxa N(T/)appTOI>W’7trunc = 4 Z Z kp(bi7 b;) ‘T‘l| ‘Tﬂ <nTi7 nT;>
=1 j=1
N, M, Ny, My,

My,

2

7)),

meas

1
+ g Z Z kp<xk7 yl) [W(4 = 2Ny, + 2ka) -2 Z Spi:xk] [ﬂ-(4 - 2myl + 2Nyl> —2 Z ij}yl]
i=1 j=1

k=1 l=1

where Ny, is the number of triangles with vertex x), and my, is the number of edges
with verter xy, and @, 5, 1s the angle at vertex xj of the triangle T;.

Proof. See Appendix A.2.2 n

The scalar product of the planar part is the same as for varifolds. The cylindrical
part vanishes, as it was expected with the previous work on the curvature: with the
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3.7. Expression of the Kernel Metric for Discrete Shapes

linear kernel, the metric is not sensitive to mean curvature, that is contained in the
cylindrical part.

We investigate now the link with Gaussian curvature. Suppose for sake of sim-
plicity that the two triangulated meshes have no border and no branching edge or
vertex. Then, it is easy to see that for every vertex z of the triangulations N, = m,
and the truncated scalar product simplifies greatly:

N M

2
(N (T agproes N (T Vapprar)r =4 3 kb G)ITNTY] (s, )
i=1 j=1
N, M,
+ 5 sz (@k, y)G7 (@) G (1)
k 1 1=1

where G7(z) is the discrete Gaussian curvature of the triangulation 7 at vertex x.
With the previous notations, this re-writes:

(N (T approws N(T Vapproz ) w prune = 407 17)w, <Z G (k)0 Z Gr(y1) yl>

WI

meas

This is a classical varifold scalar product, with an additional measure term, located
at the vertices, and with intensity equal to the discrete Gaussian curvature.

In term of complexity, we add to the complexity of the varifold metric (that is a
double loop on the triangles O(N?)) a double loop on the vertices where we need to
compute for each vertex the Gaussian discrete curvature, i.e. the sum of the angles
of the triangles at this vertex. This complexity is basically a O(N?). Very often
N,, the number of vertices and N, the number of triangles have the same order, but
more operations are needed to compute the Gaussian curvature.

3.7.4 Discrete scalar product with Sobolev normal kernel

We choose the kernel metric on normal cycles to be as in (3.13), with the Sobolev
normal kernel k,, as in subsection 3.1.3. Suppose that C' and S are two unions of seg-
ments. The computation of the scalar product between N(C)appror and N (S)appros
for the kernel metric uses expansions in spherical harmonics for the normal part.
This leads to :

Proposition 3.34. Suppose that C and S are two unions of segments. One has

<N<C)app'rox7 N(S)appfrox — <N Z%lproxj N(S)Z%;TOI>W/ + <N(C)Sph’ N(S)Sph>W/
with
nc ns
<N(C)Z%€Droz7 Z??lpTOI>W/ Z Z kp(Ci, d]) <fl, g]) Z (0759 Cos(mﬁij) (324)
i=1 j=1 m>0
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Chapter 3. Reproducing Kernel Hilbert Spaces on Normal Cycles

and
(N ()" N(S)™"),, ZZk Tr, 1) ( ””“k*”yl)ﬁ
k=1 I=1 ’ 2

+ ZC: i Z (bo +( a+b Z by cos mew)) kp(xf?7y9?>

=1 7=1 a,b=1 m>0
(3.25)

where ny, (resp. my,) is the number of edges adjacent to the vertex xy, (resp. yi).

Proof. The first equality comes directly from the orthogonality condition of 3.27.
The two formulas are derived in Appendix C.2 and Appendix C.3. O

The constant § and the a,, and b,, coefficients have explicit expansions in spher-
ical harmonics, and are pre-computable. See Appendix C.2 and Appendix C.3, for
their expressions. Here, we just precise that the (a,,)m>0 and (b,,)m>o vanish for m
even. This is compatible with the fact that normal cycles are unoriented objects:
by inverting the orientation of the edges (i.e. if we invert z sand fz) the scalar
product remains unchanged. With these two scalar products, we have all we need to
implement an algorithm which computes dissimilarity between two discrete curves.
This is the first step to have a matching algorithm.

The computational complexity of the normal cycle metric, assuming we truncate
the spherical harmonics expansions at a fixed order, is of order O(nZ + NZ), with
nc the number of edges and N¢ the number of vertices. In fact usually ne and Ngo
are nearly equal, thus the complexity is in O(n%), as in the case of the currents and
varifolds metrics. However, as can be seen from the formulas, more operations are
needed in the case of normal cycles; in our experiments the cost of computation of
the normal cycle metric and its gradient was approximately six times higher than
in the case of currents.

3.8 Discussion and perspectives

In this chapter, we have endowed normal cycles with kernel metrics, that provide
a scalar product between shapes as integrals over the associated normal bundles.
With our construction, the metric is explicit through two scalar kernels: a spatial
kernel k, that considers the spatial configuration of the shapes, and a normal kernel
k, that takes into account the relative position of the generalized normal vectors of
the shapes. In this framework, we have provided a convergence result that draws
the link between the continuous and the discrete cases. We precise also an explicit
quantification of the error made for computational purpose. Interestingly, the cur-
vature properties of normal cycles are transferred to the metric, depending on the
choice of the normal kernel k,,. We have seen that even with coarse normal kernels,
we are able to retrieve specific curvature information of the shapes. For surfaces, we
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3.8. Discussion and perspectives

retrieve mean curvature information for the constant normal kernel and Gaussian
curvature information for the linear normal kernel. For curves, only the constant
kernel allows to get curvature information, and the linear kernel provides a metric
that is similar to varifolds. In any case, we see that the metric on normal cycles is
sensitive to the border of the shapes, as well as branching points. This is a major
difference with usual metrics on varifolds or currents and this makes the framework
sensitive to topological change. We will see in the next chapter that this feature en-
forces the matching of the borders. Apart from computational anatomy, this setting
could fit in the one of discrete differential geometry. Normal cycles have already
been successfully applied for the estimation of discrete curvatures, as it was recalled
in subsection 2.5.3, but the addition of explicit kernel metrics enables both explicit
and interpretable considerations. For example, it would be interesting to focus on
the gradient flow of shapes with the different metrics that have been introduced in
3.7.

Let come back to the work that have been presented in section 2.6, where we
have drawn a precise link between the normal cycle and the varifold associated with
a shape. This link remains in the expressions of the discrete scalar products in
section 3.7. For example in the case of surfaces, the orthogonal projection on the
planar part for the linear normal kernel gives exactly the metric on varifolds for
the linear kernel on Grassmannian. It is a future work to fully integrate the link
between varifolds and normal cycles in the framework of RKHS, and for example to
explicit how the metric on normal cycles is projected on the metric on varifolds.
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

Chapter 2 and Chapter 3 provide a theoretical framework as well as a numerical
implementation to compute distance between shapes with kernel metrics on normal
cycles. In this chapter, we use this distance on normal cycles as a residual distance
between a deformed shape and a target shape, in the framework of shape analysis
summed up in Chapter 1.

Section 4.1 is a study as precise as possible of the inexact matching problem
(4.1). After stating an existence result for this problem, we detail in subsection 4.1.3
a practical algorithm to minimize (4.1) with discrete shapes. Several examples of
registration with normal cycles are proposed on synthetic and real data. For curve
registration (subsection 4.1.4), three types of normal kernels are studied for the
metric on normal cycles: constant, linear and Sobolev. For surface registration
( subsection 4.1.5), only the constant and linear normal kernel are studied, due
to the complexity of the metric in the case of surfaces. For each type of data,
the different synthetic examples aim to illustrate the curvatures properties seen
in section 3.5 and comparison with varifolds and currents are shown when it is
relevant. The examples on real data are a first step to show the advantage of this
new dissimilarity metric for applicative purpose. Finally, in 4.2, we focus on the
atlas estimation for a dataset of shapes (curves or surfaces). For this, we follow the
theoretical framework introduced in [Ma et al., 2008, Ma et al., 2010] and already
used in [Charlier et al., 2015a]. The mean shape is obtain through the hypertemplate
algorithm that relies on the formulation of the inexact matching problem. This is
recalled in subsection 4.2.1 and subsection 4.2.2. Some examples on synthetic and
real data are provided in subsection 4.2.3 and subsection 4.2.4.

4.1 Large Deformation Registration with Normal
Cycles

As explained in Chapter 1, in the LDDMM framework, the study of shape variability
is carried by the study of geometrical transformations from one shape to another.
The group of deformations at stake, GGy, is generated through integration of time-
varying vector fields living in a a Hilbert space V, with V — %3 (RY). With this
hypothesis, V is a Reproducing Kernel Hilbert Space with kernel Ky and Gy is
endowed with a nice Riemannian structure. For example, the Riemannian distance
between the identity and a deformation ¢ € Gy writes:

da, (Id, 9)* = E(p) := inf {/o ||vt||%/dt (ve)o<i<1 € L*([0, 1], V)}

O
ot

= v 0@y and ;= .

This distance between can be interpreted as the energy of the deformation (. Thus,
the optimal deformation between two shapes C' and S will be the deformation ¢ with
least energy and such that ¢(C) = S. For practical purpose, we can not assume
that any two shapes can be registered with a deformation ¢ € Gy,. That is why we
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4.1. Large Deformation Registration with Normal Cycles

relax this hypothesis, and say that the optimal deformation is the one that minimize
the sum of the energy and a discrepancy measure between the deformed shape and
the target, A(p(C),S). This new registration problem, called inexact matching
problem, is a trade-off between the regularity of the deformation, quantified by the
energy E(p) and the closeness of the registration, quantified by a term A(p(C),S).
The aim of this chapter is to use kernel metrics on normal cycles for the dissimilarity
measure A. Given two shapes C' and S

A(C,S) == |IN(C) = N(S) I3y -

where W is a RKHS such that W < Q3 '(R? x S4-!). The minimization problem
with dual Hilbert norm on normal cycles as data attachment term is then:

1
iy y [ ulfy dt + lo"N(C) - NS, (4.1
vely 0

where v is a trade-off parameter.

One should notice that we have defined the action ¢.N(C') of diffeomorphism on
normal cycles for sets C' € Upg in subsection 2.4.4. This includes smooth submani-
folds of R?, but also polyhedral meshes. This general framework will be the one we
work with in the following.

4.1.1 Existence of a minimizer

We remind that the notation ¢.N(C) corresponds to the transport of the normal
cycle by the diffeomorphism ¢: if X is a set in Upgr, ¢ : X — @(X) induces a
diffeomorphism 1 : Nx — Nyx):

do;Tn
v = (20 jim )
where do; T = (dp;*)". This diffeomorphism ¢ is defined such that the action of a

diffeomorphism ¢ on normal cycles satisfies:

p-N(X) := ¢y N(X) = N(p(X)).

and the expression of the derivative di) is:

dp,.T
-
dw(z,n) <V> - =T 32 T ./ dgo_T.Z/
—p(n’)id‘z% d (,D(T,.) .n —f-p(n/)LW
Remark 4.1. Notice that even though for X € Upr, we have N(X) = [Nx]itx

which may be different from [Nx|, the action ¢sN(X) remains valid (see subsec-
tion 2.4.3 and subsection 2.4.4).

We now state the theorem of existence of a minimizer for (4.1) that encompasses
both the case of smooth shapes and the one of polyhedral shapes:
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Theorem 4.2 (Existence of a minimizer for (4.1)). Suppose that C, S are two com-
pact sets in Upg and assume that one has the embeddings V — C3(RY R?), and
W — Q{"(R? x S4°1). Then there exists a minimizer for the problem (4.1).

We will prove theorem 4.2 using theorem 1.7. For this, we denote v" — v
for the weak convergence of (v"),eny € (LE)N to v € LE. We have to show that
v A(pt.C,S) = [|¢*.N(C) — N(S)||3, is weakly continuous. The first step is to
verify that if v — v, then ¢*" — 9? and dy*" — di)?, uniformly on every compact.
We will need the theorem:

Theorem 4.3 (|Glaunés, 2005]). Suppose that V < C5(R R?) (for the topology
of uniform convergence for a function and its derivatives). If v weakly converges
towards v in L%, then d*p" converges uniformly on every compact set towards d*¢v,
VO<E<p-1.

From this, we can state the next proposition:

Proposition 4.4. Suppose that V — C3(RY,RY). If v™ — v in L}, then on every
compact set of RY x ST V™ — v dyp*™ — dypV

Proof. If we suppose that v™ — v in L%, then on every compact set of R?, we have:
" = @V, dpU" — dp® and d?@¥" — d?® uniformly, with theorem 4.3. Now, let
K be a compact set of R?. On K, ¢*" converges uniformly toward (v, which proves
the uniform convergence for the first component of . For the second component,
we consider the application 6:

-T

0:(A,n) € GLy(R) x S¥ ' s g € g4t
[A=Tn]]
where the notation A=T stands for (A™')7, the transpose of the inverse. 6 is con-
tinuous and then is uniformly continuous on every compact sets of GL4(R) x S471.
Moreover,
w(l‘7n) = ((p(l’), H(d%,n))

Denoting dp(K) = {dp.|r € K}, dp(K) is a compact of GLg(R) (the image of a
compact by a continuous application is compact) € is then uniformly continuous on
do(K) x 8?71, Since the uniform convergence is preserved by the composition with
a uniformly continuous function, and since d¢¥" uniformly converges toward dy?,
it proves that the second component of """ converges uniformly on every compact
set of RY x S9!, This proves that ¥*" converges uniformly towards * on every
compact set.

The proof of the uniform convergence of di*" is similar, using the uniform
convergence of d2p?" . O

We recall here a proposition from |Glauneés, 2005|, proposition 34.

Proposition 4.5. Let W be a RKHS of m-differential forms continuously embedded
in Q%(Rd). Let S be a m-current. If o™ and do™ converge uniformly towards ¢ and
d¢ on the support of S, then ¢S converges towards ¢3S in W'.
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We can now prove theorem 4.2:

Proof. Suppose that v" — o in L%. By proposition 4.4, %" — ¢* and
dy*" — diy’. Then, with proposition 4.5, and the fact that W is embedded in
Cy (RY x ST ATHRY x RY)) we have ¢f" N(C) — ¢y N(C) in W', which implies
that ||¢f" N(C) — N(S)Hiv, — |[vyN(C) - N(S)HIQ/V, and this is exactly the weak

continuity of our data attachment term. We conclude using theorem 1.7. [

In the following, Ky will be, depending on the application, a Cauchy ker-
nel with width oy: Ky(z,y) = =L Gaussian kernel with width oyy:
o

Ky(z,y) = exp(— ||z —y|]> /o?), or a sum of Gaussian kernel with decreasing
width. W is as in proposition 3.13. So that we have existence of a minimizer for (4.1).

4.1.2 Discrete framework

Knowing that a minimizer exists is a first step, and we will focus now on the problem
of finding such a minimizer.

In the following, we focus on the discrete problem: we consider discrete shapes
Cyq and S;. The geodesic equation followed by ¢} are simpler and we will explicit
the approximations made for the data attachment term in order to have a tractable
algorithm for the minimization procedure.

A discrete shape Cj is defined by a set of N points (z;)1<;<n in R? (the vertices),
with a connectivity matrix describing the connexion between the vertices. This
applies for curves in R3 but also for any polyhedral shape in R?. However, we will
restrain our problem to curves and surfaces in R?, and we will use the approximation
of normal cycles for segments seen in definition 2.47. The functional to minimize is
then:

1
Ji(v) = /0 Hth%/ dt + H@ll)-N(Cd)app?‘ox - N(Sd)approxH?/V/ (4.2)

However, ©}.N(Cq)approx = Y (C4a) appro 18 too complex to be implemented numer-
ically. To overcome this difficulty, we approximate the action of ¢” on Cy. For this
purpose, we define Cy v as the discrete curve or surface with vertices (¢} (z;))1<i<n
with the same connectivity matrix as Cy. This means that we consider that ¢ in-
duces a displacement of the vertices only, and the displaced vertices are linked with
straight lines. From this, we introduce the approximate matching problem, with the
functional J:

1
J(v) = / lenll2 dt + [N (Cotr Yagpron — N(Sa)II% (4.3)

As shown in [Glaunés, 2005], and recalled in section 1.4, if we denote by ¢;(t) =
¢y (z;) the points trajectories, the energy term in (4.3) enforces the optimal vector
field to be a geodesic path and to write
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v = Z Ky (-, qi(t))pi(t) (4.4)

where the p;(t) € R? are auxiliary variables and are called momentum vectors.
Further, it was shown in [Miller et al., 2006] (and detailed in an optimal control point
of view in [Arguillére et al., 2015]) that the problem can be written in Hamiltonian
form: if we denote H, the reduced Hamiltonian:

H, (0. 9(8)) = £ 303 py (0 K (0). 0,0 0) = 1

=1 j=1

l\')lr—t

¢; and p; must satisfy coupled geodesic equations which write

o, ¢
Qi,t —= ' == ZKV<qi,t7Qj7t)pjvt

(4.5)

. 0H, r
bit ==, <Zd1 Kv (gt 4, t)p]t)> Pit-

This Hamiltonian is constant along geodesic path and thus is a function of the
initial momenta py and the initial positions ¢g. As could be expected, this implies
that the optimal velocity vector field v, in (4.4) is of constant norm: [uv|? =
cste = H,.(qo, po). Initial positions being fixed, we can consider H, and further ¢"
as function of the py only, and denote it ¢P°. The Hamiltonian formalism reduces
the initial problem of minimization on an infinite dimensional Hilbert space V' (4.3)
to a minimization on (R?)N

2
i | 2H, (Po: 90) + [IN (Caoro )approx — N (Sa)llyy (4.6)

and where ¢ and p follow the coupled geodesic (4.5). The second term depends only
on the position of the final vertices: (¢i(1))1<i<n = (¥1°(i(0))),<;<y that we will
denote ¢(1). The data attachment term is then a function of ¢(1): g(g(1)).

min I (po) 1= 27Hr (pos o) + 9(a(1)) (4.7)

with ¢ and p following (4.5). As said before, g is a measure of the residual dissimi-
larity between the deformed shape at time 1 with vertices ¢(1) and the target shape
Sy.

4.1.3 Registration Algorithm

This functional is explicit using the expressions for the scalar products of normal
cycles appearing in g(¢(1)) and that have been computed in Chapter 3 with respect
to the kernel. We minimize it depending on the initial momenta with a geodesic
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4.1. Large Deformation Registration with Normal Cycles

Algorithm 2 Geodesic shooting with fixed-step gradient descent.

Input: ¢o (initial source shape),  (step size)

Output: arg min, cgran J(po)

initialization: pg =0

while Convergence do
Compute (g(1),p(1)) through forward integration of (1.13)
Compute V41)g(q(1))
Compute V,,9(q(1)) through backward integration of (1.14)
Compute V. J(po) = Kv(qo, 90)Po + Vpe9(q(1))
Po < po — 6VpyJ (po)-

end while

shooting algorithm [Miller et al., 2006, Arguillére et al., 2015] that has been recalled
in section 1.4, and that we set here again.

A numerical implementation of the minimization requires the computation of
Vg((xk)1<k<n)), which takes an explicit form. See Appendix C.4.

In our numerical implementation, we use the shooting algorithm and optimize
the functional with respect to py. To accelerate the convergence, we use a quasi New-
ton Broyden Fletcher Goldfarb Shanno algorithm with limited memory (L-BFGS)
[Liu and Nocedal, 1989] rather than the gradient-descent with fixed step presented
in Algorithm 2. The BFGS algorithm relies on the Newton’s method to find the
zero of the gradient of the functional to minimize. With no simplification, this
would require the computation of the Hessian of the functional at each iteration. In
the BFGS agorithm, we compute an approximation of the Hessian, that is updated
and improved at each step. With the limited memory implementation, there is no
storage of a N x N (where N is the number of variables) matrix and the memory
storage is linear with respect to N. See [Liu and Nocedal, 1989] for more details.
This method provides a direction of descent and the step in this direction is fixed
by a Wolfe line search. For the numerical integrations, a Runge-Kutta (4,5) scheme
is used (function ode45 in Matlab).

4.1.4 Curve Registration

We present here the experimentations of curve registration with kernel metric on
normal cycles as data attachment term. Most of the time, we set Ky to be a scalar
Cauchy kernel Ky (z,y) = 1/(1 + |z — y|? /o )Id, with oy a scale parameter.

For the normal cycles, the point kernel &, is a Gaussian kernel, with width oy,
and the normal kernel £, will be either a constant kernel, or a linear kernel, or a
Sobolev kernel (associated with the operator L = (I — A)3). All these kernels have
been introduced in Chapter 3. The examples aim to show the properties of the
different kernels. The constant and linear kernels are simple, and encode precise
curvature information, as it has been seen in section 3.5. For the Sobolev kernel,
we used a spherical harmonics expansion of this kernel truncated at order 10 for the
numerical purpose.
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

We chose to use a weighted scalar product for normal cycles (see remark 3.14 and
remark 3.28) with weight A of the form A = ao,, where o > 0 is a fixed parameter.
Setting A to be proportional to ¢, comes from a simple homogeneity analysis of the
functional (4.7): when scaling the data coordinates by a factor 7, scaling accordingly
the width parameters oy and oy by the same factor, and evaluating at p{, = npo,
the energy term H, and the cylindrical parts of the scalar products in the normal
cycles term are multiplied by 7%, while the spherical part is kept unchanged. Hence
multiplying the spherical part by a factor proportional to ¢, ensures homogeneity
of the functional with respect to scaling. In all our experiments, we set a = 10.

In this section, we show some of our results on synthetic data and compare them
with the varifolds method and currents method. The point kernel chosen for the
varifolds is a Gaussian kernel, with the same width oy as for normal cycles. The
kernel associated with the Grassmannian is chosen linear (see |Charon, 2013]), so
that no parameter is involved as for the normal kernel with normal cycles. Lastly,
a Gaussian kernel is used as well for currents, again with width oy,. The trade-off
parameter v is set to v = 0.1 in all experiments. All the numerical computations
have been done on a laptop using Matlab (this will not be the case for surfaces since
the model is then more complex and will require a parallelization of the calculus on
GPU).

The examples are classified depending on the properties that we want to spotlight
(curvature properties, consideration of the branching points and the extremities,
examples on real data, ... ).

Remark 4.6. In the experiments, the color code will be the following: the target
will be in orange, and the source in blue. The trajectories of the vertices during the
deformation will be in blue as well.

Synthetic data: illustration of the curvature properties

As announced and studied in section 2.5 and section 3.5, the normal cycles encode
curvature information of the shapes and this is expected that a registration with
kernel metric on normal cycles will show this property. The next two examples are
registration between shapes with high curvature spot.

Registration of fishes contours (figure 4.1, figure 4.3):
Here a registration between two fishes contours is performed (see
[US Dept of the Interior Fish and Wildlife Service, 1953] for the original data).
Even if they are 2D objects, we consider them as 3D objects with no z variation. In
this example, fishes have around 100 vertices. A first optimization of the momenta
was performed with parameters oy, = 0.75 and o = 0.2. This can be seen as
an initialization step to avoid local minima. Then minimization was done with
ow = 0.2 and oy = 0.2. The computation time as well as the number of iterations
is specified for each registration in the figures. The main difficulty of the matching
is the trade off to find between the matching of the long tail of the stingray (in
orange) and the high local curvature in the upper part of the fish in blue. To ease
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4.1. Large Deformation Registration with Normal Cycles

the reader’s comprehension, we show in figure 4.2 the evolution of the deformation
with Sobolev normal kernel. The results are presented in figure 4.3 and show that a
perfect matching with normal cycles and a constant normal kernel can be achieved,
even with oy = 0.2 which is quite large compared to the local feature in the upper
part of the fish. Notice that with the constant kernel, that encodes the curvature
information of the curves, the registration takes into account the region of high
curvature. With varifolds (that is in the case of closed curves exactly similar to
the metric on normal cycles with linear normal kernel), one can see that this local
feature still remains in the blue matched curve. To avoid this behaviour, one can
decrease the size of oy, but it would lead to a bad matching of the tail. One should
also notice that the behaviour of the constant + linear normal kernel and the
Sobolev normal kernel are quite similar, which could indicate that the information
encoded in the constant and linear kernel are enough for the matching of curves.

15 1 05 0 05 1

/\7
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15 4 05 0 05 i

Figure 4.1: Source fish (blue) and target fish (orange)
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Figure 4.2: Registration of the blue fish to the orange fish with normal cycles and Sobolev
normal kernel with parameters oy = 0.2 and oy = 0.75 and then 0.2. This figure aims
at visualizing the evolution of the deformation at time ¢ = 0, t = 1/2 and ¢t = 1 through
the grid of deformations. In figure 4.3 the reader can find a precise comparison of the

registrations with different metrics.
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4.1. Large Deformation Registration with Normal Cycles

(b) Normal cycles linear (= vari-

(a) Normal cycles constant, 1015 it- folds), 914 iterations (533 for run 1,
erations (633 for run 1, 382 for run 381 for run 2) in 143 seconds (0.15
2), in 173 seconds (0.17 s/it) s/it)

(c) Normal cycles constant + linear, (d) Normal cycles sobolev, 1329 it-
1400 iterations (644 for run 1, 756 erations (696 for run 1, 633 for run
for run 2) in 250 seconds (0.18s/it) 2) in 244 seconds (0.18s/it)

Figure 4.3: Registration of a blue fish to an orange fish. In light blue, the trajectories of
the vertices along the deformation. We used normal cycles and varifolds with the same
parameters oy = 0.2 and o = 0.75 and then 0.2. Each shape has around 100 points.
The registration with currents is worse than with varifolds.
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

Registration of a three feet object (figure 4.4, figure 4.5 and figure 4.6):
The registration presented here is harder. These are two contours of amoeba, pre-
senting three protrusions and that are kindly available on Jean Feydy’s website:
http://www.math.ens.fr/“feydy/research.html. Looking at figure 4.4, the nat-
ural matching between these two shapes seems rather obvious. However, this is a
hard problem for the LDDMM registration since the data attachment term tends to
match points that are close. The minimization for the results presented in figure 4.6
is done with one run until convergence, with oy = 0.1 and oy = 0.1. Each shape
has around 200 points. Since the deformation may be hard to understand at first,
we show in figure 4.5 the evolution of two optimal deformations: one obtained with
Sobolev normal kernel and one obtained with varifolds. However, once the deforma-
tion is understood, figure 4.6 shows more details of the matching. As we can see,
the registration with normal cycles are very similar for constant, linear + constant
and Sobolev, and the matching takes into account the corresponding “feet”. For the
varifold data attachment term however, we see that one of the foot is crushed to the
target, and another foot is created, which does not correspond to the matching in
mind. We believe that this is due to a nice property of the normal cycles, that tend
to make a correspondence between points of high curvatures.
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Figure 4.4: Source amoeba (blue) and target amoeba (orange)
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Figure 4.5: Registration of the blue amoeba to the orange amoeba, with oy = 0.1, oy =
0.1. Each column represents the evolution of the deformation, at time ¢t = 0, t = 0.5 and
t = 1. The first column is the registration obtained with the metric on normal cycles and
the Sobolev normal kernel. he second column is the registration obtained with the metric
on varifolds. We add also the grid of deformation to a better visualization. We refer also
to figure 4.6 for another presentation of the registrations.
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4.1. Large Deformation Registration with Normal Cycles

(b) Normal cycles linear (similar to vari-
(a) Normal cycles constant, 1034 itera- folds), 1363 in 962 sec (0.7 s/it, 0.66s/it
tions in 711 sec (0.68 s/it) for varifolds)

(c) Normal cycles constant + linear, 814 (d) Normal cycles sobolev, 673 in 545 sec
in 582 sec (0.71 s/it) (0.81 s/it)

Figure 4.6: Registration of a blue amoeba to an orange amoeba, with oy = 0.1, oy = 0.1.
Each shape has around 200 points. In blue light, the trajectories of the blue amoeba’s
vertices along the deformation. The matching with constant, constant + linear and Sobolev
normal kernel makes a correspondence between the feet on the contrary to the linear normal
kernel (that generates a metric similar to the one of varifolds for closed curves).
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

Synthetic data: illustration of the extremities properties

Another specificity of the metric on normal cycles is that every part of the shape
is taken into account and in particular, the extremities have a specific behaviour
that is explicit on discrete shapes (see the scalar product between discrete shapes
in section 3.7. This property will be retrieved during the registration with a good
matching of corresponding extremities. This is also the case for branching points,
where the metric on normal cycles creates a “connection cost”. Indeed the norm of
the normal cycle of two segments at distance ¢ with ¢ — 0 is different from the
norm of the normal cycle of the joint segments, and the difference is exactly the
norm of a sphere. This observation is clear when looking at the decomposition of
the normal bundle used (Subsection 2.4.3). This cost of connection does not appear
for currents or varifolds. More generally, currents and varifolds are m-dimensional
measures associated with a m-dimensional objects, and thus are insensitive to the
boundaries (which is m — 1 dimensional). Notice that in the case of curves with
extremities, the metric given by the linear normal kernel on normal cycles has an
additional term on the extremities in comparison to varifolds. That is why we will
precise registrations for both varifolds and linear normal kernel in the following.

Registrations of open circle (figure 4.7, figure 4.8, figure 4.9): We start
here with a rather striking toy example to illustrate the specific behaviour of the
extremities for the metric on normal cycles. We want to perform a matching between
a source blue circle and a target orange circle. Each circle has a a small opening.
At angle § = 0 for the blue circle and § ~ 7 — 7/10 for the orange circle. The
opening is small compared to the size of the circle. The first registration presented
in figure 4.8 is with oy = 5 for the spatial kernel k, on normal cycles and varifolds,
and oy = 5. Notice that the size of the spatial kernel is big compared to the size
of the opening. This implies that the metric on varifolds does not see this opening
and it is impossible to achieve the matching. We observe a similar behaviour for
the metric on normal cycles with constant normal kernel. However, with the linear
kernel (or constant + linear or Sobolev), even though the spatial kernel does not
see the opening, the normal kernel is sensitive to the extremities and this implies a
good matching of the disconnections.

More striking is the second registration (figure 4.9), this time with oy = 1000.
With such size, the spatial kernel is insensitive to any spatial localization. Thus,
nothing happens for the registration with the constant normal kernel on normal
cycles or with varifolds. However, with the metric on normal cycles with the linear
(or constant + linear or Sobolev) normal kernel, it remains some information on the
extremities that will drive the matching, as one can observe in figure 4.9. Of course
the matching is far from being perfect, but it is interesting to see that the corre-
sponding extremities are well registered. The question whether this is an advantage
or a drawback depends critically on the data at stake. If there is uncertainty on the
topology of the data, resulting from a bad segmentation for example, this behaviour
prevents from a correct matching. Indeed, the registration will try to make a corre-
spondence between extremities that are artefacts. However, for specific cases where
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Figure 4.7: Source circle (blue) and target circle (orange)

the extremities play an important role, the metric on normal cycles (with linear
Sobolev normal kernel) can be used with benefits.
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

(a) Registration obtained with normal

cycles with the constant normal kernel. (b) Registration obtained with normal
The metric on normal cycles is not sen- cycles and Sobolev normal kernel. The
sitive to extremities with this choice of results are similar with the linear and the
kernel. constant + linear normal kernel.

(c) Registration obtained with varifolds. The associated metric is not sensitive to extrem-
ities.

Figure 4.8: Registration of the blue circle to the orange one with oy = 5, oy = 5. One
can observe the grid of deformation in grey. The metrics on normal cycles are sensitive
to the deconnection of the circles and match the extremities (appart for the constant
normal kernel). Since varifolds are not sengigve to this topological feature, the resulting
registration is simply the identity.



4.1. Large Deformation Registration with Normal Cycles

(a) Normal cycles linear, constant + linear, Sobolev

Figure 4.9: Registration of the blue circle obtained with oy = 5, oy = 1000. One can
observe the grid of deformation in grey. In blue light, the trajectories of the blue vertices
along the deformation. The extremities of the circles are well matched, even though the
size of the spatial kernel makes the metric almost insensitive to any spatial localization.
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Registrations of branching curves (figure 4.10, figure 4.11, figure 4.12):
We show here registration of two 3D curves with branching. These curves were
chosen because the distance between them is large compared to their typical sizes,
the curves have some high local curvature and the size of the corresponding branches
implies high local deformations. Besides, we would like to see the behaviour of
normal cycles with respect to connecting points.

The two curves are enclosed in a cubic box of size one. Both curves have 150
vertices. In figure 4.11, figure 4.12, we show two views of a matching using normal
cycles (constant, linear, constant + linear and sobolev normal kernel) and varifolds.
The kernel Ky associated with the deformation space is chosen to be a Cauchy
kernel, with width oy = 0.2.

One can see that the branching point, as well as the extremities are well matched
for the registration with normal cycles, compared to the one with varifolds. This cor-
respondence made on the extremities enforces a much more convincing registration,
notably in the neighborhood of the branching point.

Remark 4.7. As we can notice the computation time per iteration is not increas-
ing much when using normal cycles instead of currents or varifolds. This comes
from the fact that the largest part of the computation is spent in solving the ODE
equations of the LDDMM shooting procedure. The cost of the data attachment evalu-
ations (functional and gradient) themselves for this experiment reflect the increasing
complexity of the methods, as expected: 0.017, 0.036 and 0.10 seconds per iteration
for currents, varifolds and normal cycles respectively, but this has relatively small
influence on the total time per iteration. In the end, the large total time differences
in this experiment come from the number of iterations of the minimization process
needed to reach the stopping criterion, which seem to increase with the complexity
of the method.

Synthetic data: fibres bundle

We present now some first result on fibres bundles. These are synthetic data, gen-
erated thanks to the fshape-toolkit that is kindly provided on line by Benjamin
Charlier (http://www.math.univ-montp2.fr/~charlier/). The registration of fibres
bundle is in practice pretty hard to achieve since the matching of the extremities is
often difficult and not enforced by the RKHS metrics on currents or varifolds. How-
ever, we have seen that with normal cycles, the extremities have a specific behaviour
that should improve the registration. The source and target are two fibres bundles
with 3 branches each, each branch containing around 20 fibres, with 10 vertices
each. In figure 4.13, one can see the initial configuration: we want to register the
blue fibers bundle to the orange one.

This matching is hard to achieve since we have no correspondence between the
set of fibers, and not necessarily the same number of fibers in each bundle. We
present in figure 4.14 registrations obtained with the different metrics: on normal
cycles, with the constant, linear and Sobolev normal kernel, and with varifolds, with
the linear kernel on the Grassmanian. For both metric, we chose a Gaussian spatial
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(b) View 2

Figure 4.10: Two curves with one branching points and four extremities. The source is in
blue and the target in orange.
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(a) Normal cycles constant, view 1, 2120 it-
erations in 1011 seconds (0.48 s/it)

(b) Normal cycles constant, view 2

e

(c) Normal cycles linear, view 1, 870 itera-
tions in 387 seconds (0.44 s/it) (d) Normal cycles linear, view 2

Figure 4.11: Two views of the registration of two 3D curves with different data attachment
terms. Initial curve is in blue, target curve in orange, and deformed curve in light blue.

Trajectories of vertices along the flow are displayed in blue. Parameters are oy = 0.2 and
ow = 0.3. Each curve has around 150 points.
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(f) Varifolds, view 2

(e) Varifolds, view 1, 1058 iterations in 520
seconds (0.5s/it)

Figure 4.12: Two views of the registration 0}%\?&70 3D curves with different data attachment
terms. Initial curve is in blue, target curve in orange, and deformed curve in light blue.
Trajectories of vertices along the flow are displayed in blue. Parameters are oy = 0.2 and
ow = 0.3. Each curve has around 150 points.
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05" 05

Figure 4.13: The registration problem between the blue fibers bundle and the orange one
(the target)

kernel. The registration is done with one run with oy = 0.5. We also whose a
Cauchy kernel for the deformations, of size oy = 0.8. The typical time for normal
cycles is two and a half hour for 1000 iterations (where we stopped the algorithm).
For varifolds it is 2 hours.

In this experience, the improvement provided by normal cycles is not obvious.
The fact that the extremities are taken into account does not seem to improve the
registration. This may be because the problem is hard. If the metric tends to match
extremities, it becomes difficult when there is not the same number of extremities
in the source and in the target.
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(a) constant normal kernel (b) linear normal kernel (c) constant + linear nor-
mal kernel

(d) Sobolev normal kernel (e) kernel metric on vari-
folds

Figure 4.14: Registration of two set of fibers with different data attachment terms. For the
deformation : Cauchy kernel, oy = 0.6, for the data attachment term, Gaussian spatial
kernel with oy = 0.6 and 0.3.
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Real data: brain sulci

Registration of brain sulci (Figures 4.15, 4.16 and 4.18) We show here an
example on real data. The data consist of brain sulcal curves that were automati-
cally segmented and labelled from anatomical Magnetic Resonance Imaging (MRI)
brain images, following the method described in [Auzias et al., 2011]. We chose two
individuals and six labelled corresponding sulcal curves for each individual. See
figure 4.15.

The matching is performed with a single deformation, but 6 data attachment
terms with normal cycles or varifolds: one for each pair of corresponding sulci. Two
runs are performed, with decreasing size of the spatial kernel. The first run can be
considered as an initialization step at coarse scale. The parameters are the following:
for the deformations, we chose a Cauchy kernel of width oy = 20. For the metric
on normal cycles, we took a Cauchy spatial kernel with width oy, = 20 for the fisrt
run and oy = 5 for the second run. The normal kernel is a Sobolev kernel of order
3. For varifolds, we consider the same Cauchy spatial kernel, and a linear kernel for
the tangential part. Processing times were 1 hour using normal cycles and Sobolev
normal kernel (2000 iterations, 2 s/iter) and 45 min with varifolds (2000 iterations,
1.5 s/iter). The matching is complex since the number of branching points is not
necessarily the same for corresponding curves, and two curves to match can be really
twisted from one to another. Moreover, the fact that a single deformation is required
for the whole brain implies high local variations. In figures 4.16 and 4.17, we present
the registration with normal cycles and Sobolev normal kernel. The visualization of
this three dimensional configuration is not easy, but the end points and correspond-
ing branching points are well matched when possible (we recall that there is not
always corresponding branching points). Moreover, the registration driven by nor-
mal cycles allows complex local deformation (even though it is expensive) to reduce
the data attachment term.

In figure 4.18 we present a zoom on two sulci to showcase the properties of
a registration with normal cycles compared to a registration with varifolds. This
specific example show all the benefit that one can expect from the metric on normal
cycles. The natural consideration of the extremities and the corresponding points
provide a much more convincing registration, even though this implies a deformation
with high local variation. This is even more striking in the left sulci where the
registration with varifold twists the main curve to match to a branch. On the
contrary, with normal cycles the deformation is a good compromise, even though
there is not the same number of branching points in the source and in the target.
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Figure 4.15: Two view of the brain sulci of two distinct subjects to be matched. Each
individual has 6 sulci that are labelled. The target is in orange and the source in blue.
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(c) view 1, t =2/3 (d) view 1, t =1

Figure 4.16: Registration of blue to orange brain sulci, view 1. The deformation kernel
is a Cauchy kernel of width oy = 20. The data attachment term is normal cycles with
Sobolev normal kernel of order 3 and Gaussian spatial kernel k, with width oy = 20 for
the first run and oy = 5 for the second run.
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(a) view 2, t =0 (b) view 2, t =1/3
(c) view 2, t =2/3 (d) view 2, t =1

Figure 4.17: Registration of blue to orange brain sulci, view 2. The deformation kernel
is a Cauchy kernel of width oy = 20. The data attachment term is normal cycles with
Sobolev normal kernel of order 3 and Gaussian spatial kernel k, with width oy = 20 for
the first run and oy = 5 for the second run.
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Figure 4.18: Zoom of the registration on two sulci. Each column show the evolution of
the deformation with time. In the left column, the registration with normal cycles and
Sobolev normal kernel. In the right column, the registration with varifolds. Omne can
observe that since normal cycles take into account the extremities, the matching is much
more convincing. On the contrary, the metric on varifolds tends perform a matching
between points that are close, even though this implies a poor registration for branches.
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In conclusion we have seen that despite an increase of the calculation time,
normal cycles improve the matching, especially for branching curves, or curves with
end points. We must point out however that these conclusions hold for the particular
examples of kernels we chose for the three methods : currents, varifolds and normal
cycles. It will be interesting in future experiments to make comparisons with the
use of other kernels, for example a gaussian kernel instead of a linear kernel for
the varifold metric, as in [Charlier et al., 2015a], or other types of kernels for the
spherical part in the normal cycle metric. Besides taking into account the curvature
of the curves, we believe that another advantage of using normal cycles for the
matching of such structures is the “connection cost”. Since normal cycles consider
currents associated with the normal bundle, the boundaries are also taken into
account during the registration, and are enforced to match as well.
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4.1.5 Surfaces Registration with Normal Cycles

Let us now move to the surface matching using LDDMM and kernel metrics on
normal cycles. The aim of this section is to illustrate the properties of a matching
with normal cycles, as well as some limitations. Using parallel computations, we are
able to provide examples on real data (retina, hippocampi) with a large number of
points (around 6000 for each shape).

The surface matching is made through the minimization procedure sub-
section 4.1.3.  We used a geodesic shooting coupled with a quasi Newton
Broyden Fletcher Goldfarb Shanno algorithm with limited memory (L-BFGS)
[Liu and Nocedal, 1989]. The step in the descent direction is fixed by a Wolfe line
search. For the numerical integrations, a Runge-Kutta (4,5) scheme is used (func-
tion ode45 in Matlab). The evaluations of the functional and its gradient, as well as
the numerical integrations are the limiting part of the computational cost. In order
to improve the computational cost, the convolution operations arising are done with
parallel computing on a graphic card. The CUDA mex files using GPU are included
in the MATLAB body program. The algorithm is run until convergence with a
stopping criterion on the norm of the successive iterations, with a tolerance of 1076,
This procedure allows us to perform matching of surfaces with up to 10 000 points
in a reasonable time, which will be specified for each experimentation.

Notice that due to the increasing complexity of the model of normal cycles for
surfaces, we are able to provide registration with the constant normal kernel only.
For all the following matching, the geometric kernel k, is a Gaussian kernel of width
ow, ky, is a constant kernel as in section 3.5. The kernel Ky is a sum of 4 Gaussian
kernels of decreasing sizes, in order to capture different features of the deformation.
The trade-off parameter v is fixed at 0.1 for all the experiments.

Synthetic data: illustration of the curvature properties

Registration of an ellipsoid to a duck. Let us start with the simple, yet
interesting example of figure 4.19. We want to perform a matching between blue
ellipsoid (the source) and the orange duck (the target). The orange duck contains
2000 points and the blue ellipsoid 10 000.

The registration is performed with normal cycles and varifolds. We chose a
Gaussian kernel for the spatial kernel and a sum of 4 Gaussian kernels of decreasing
size (oy = 0.15,0.075,0.0375,0.0185) for the deformation kernel ky,. We recall that
for normal cycles, we chose a constant normal kernel and for varifolds, a linear kernel
on the Grassmanian. Two runs are performed, one at size oy = 0.15 and one at
size oy = 0.075 for spatial kernel. The first run can be seen as an initialization
step. For normal cycles, the run ended respectively at 23 and 33 iterations, for a
total time of 4000 seconds (71s/it). For varifolds, the run ended respectively at
79 and 2 iterations, for a total time of 9330 seconds (114s/it, this experiment was
made without any parallelization for varifolds). The registrations can be found in
figures 4.20 and 4.21. As expected, the matching with normal cycles is more accurate
that the one with varifolds. This appears clearly in the neighbourhood of regions
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Figure 4.19: Two views of the matching problem of a blue ellipsoid to an orange duck.

with high curvature as the beak or the eyes. It is interesting to notice that even the
coarse mesh of the duck appears in the deformed ellipsoid for normal cycles.

Registration of hippocampi. The second example is a matching of two hip-
pocampus, of typical size 10 x 20 x 40. Each shape is around 7000 points. Three
runs at different geometric kernel sizes are performed (see Fig. 4.22). We can see
the the final deformation matches well the two hippocampus, even the high curved
regions of the shape.
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Figure 4.20: View 1. Registration of a blue ellipsoid to an orange duck. The left column
represents the matching with normal cycles and the right column the one with varifolds.
The registration with normal cycles is more accurate as it can be seen with the beak or
the eyes. One can even notice that the coarse mesh of the duck appears in the deformed
ellispoid.
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Figure 4.21: View 2. Registration of a blue ellipsoid to an orange duck. The left column
represents the matching with normal cycles and the right column the one with varifolds.
The registration with normal cycles is more accurate as it can be seen with the beak or
the neck.
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Figure 4.22: Two views (profile and face) at times ¢t = 0 and ¢ = 1 of the matching
of two hippocampus with normal cycles. The target shape is in orange and the source
in blue. Each shape has 6600 points. Three runs at different geometric kernel sizes are
performed (ow = 25,10,5) and the kernel of deformation is a sum of Gaussian kernels
with oy = 10,5,2.5,1.25. Each run ended respectively at 62, 66 and 48 iterations for a
total time of 4076 seconds (23 seconds per iteration).
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Real data: retinas

The third data set was provided by B. Charlier, N. Charon and M.F. Beg is a set of
retina layers from different subjects. Originally, each surface comes with a signal that
represents the thickness of the retina layers at each vertex. In [Lee et al., 2017al,
a statistical analysis of these functional shapes is made using atlas estimation in
the framework of LDDMM and with a varifolds kernel metric. We refer to this
article for the procedure of generation of this data set. In the following, we only use
the geometrical information of the shapes to illustrate the properties of a matching
with normal cycles. The difficulty of this example is to perform a matching that
is convincing for the interior of the retina, as well as for the border. One should
notice that the border has no real physical meaning but is the result of the data
acquisition. The hole in the center of each retina corresponds to optical nerve. Even
though these borders are not the interesting part for a medical application, they
make the registration harder. We will see that the matching with normal cycles
will incorporate the borders during the registration, resulting to a much smoother
deformation.

The retina are surfaces of typical size 8 x 8mm. Each retina is sampled with
approximately 5000 points. As for hippocampus, three runs are performed, with
ow = 0.8,0.4,0.2 and the deformation kernel Ky is a sum of 4 Gaussian kernels,
oy = 2.4,1.2,0.6,0.3. All the details of the matching are in Fig. 4.23. The retinas
have a border which will be seen as region with singularities for the kernel metric
on normal cycles. This is not the case for the varifolds metric which makes the
matching of the corresponding corners harder. The matching of the borders is
better with normal cycles, and provides a much more regular deformation (see Fig.
4.23).

In the last example (Fig. 4.24), the two retinas are the result of an unsatisfactory
segmentation . This leads to artifacts in each retina : two triangles for the source
retina (in blue, Fig. 4.24) and only one for the target, in orange. We would like that
during the matching, these artificial features are not taken into account. However,
These are regions of high curvature and as we could expect, the kernel metric on
normal cycles will make a correspondence between those points. As we can see in
the second row of Fig. 4.24, the two triangles are crushed together, into one triangle,
even though the cost of the resulting deformation is high. This example shows how
sensitive to noise or artifacts normal cycles are. The data must be smooth and well
segmented so that the matching works well.
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(a) normal cycles, t =0 (b) varifolds, t = 0

(c) normal cycles, t = 0.5 (d) varifolds, t = 0.5

(e) normal cycles, t =1 (f) varifolds, t =1

Figure 4.23: Each column represents the matching of two retina with kernel metric on
normal cycles (left) and varifolds (right). The target shape is in orange and the source
shape is in blue. Each shape has 5000 points. For the varifolds metric, the geometric
kernel is Gaussian. The kernel on the Grassmanian is chosen linear so that no additional
parameter is involved. The same parameters are used for each data attachment term.
Three runs at different geometric kernel sizes are performed (o = 0.8,0.4,0.2). Ky is
a sum of Gaussian kernels with oy = 2.4,1.2,0.6,0.3. For normal cycles, each run ended
respectively at 88, 297 and 5 iterations for a total time of 5487 seconds (14 seconds per
iteration).
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(a)t=0 (b) t = 0.5 () t=1

Figure 4.24: Matching of two retina with normal cycles : the target (in orange) and the
source (in blue). Three runs at different geometric kernel sizes are performed (oW =
0.8,0.4,0.2). Ky is a sum of Gaussian kernels with oy = 2.4,1.2,0.6,0.3. The first row
shows the initial configuration. The second row shows the matching in the specific zone
delimited by the red rectangle. The metric on normal cycles enforce the matching of
corresponding high curvature points, which leads to the alignment of the two triangles into
the single one of the target. Each run ended respectively at 211, 90 and 202 iterations for
a total time of 8114 seconds (16 seconds per iteration).

4.2 Atlas Estimation with Normal Cycles

One of the goal of computational anatomy is the statistical analysis of the vari-
ability in a dataset of shapes. This is classically tackled with the estimation of a
mean shape as well as the deformations that match the mean shape to each shape
of the dataset. This estimation of both the mean shape and the deformations from
the mean shape to the targets is called an atlas. The mean shape contains all
the anatomical invariants across the dataset. The statistical analysis is then trans-
ferred to the study of the deformations, that can be reduced with the framework
of LDDMM to the study of the initial momenta. Reducing the study to initial
momenta has the major advantage to set the framework in the Euclidean space
(R4)"™ where all the classical statistical tools are available. From there, an adequate
analysis could quantify abnormalities across a dataset of shapes, but also describe
the anatomical differences behind these quantified abnormalities. These tools aim
to help the researchers and the doctors to find early biomarkers of a disease that
would allow for a precocious diagnosis. Of course, for now this is a research field
that necessitates a wide range of validations, but some works are noteworthy to
mention. In [Durrleman et al., 2014, the authors propose a generic method to the
statistical analysis of a collection of anatomical shape complexes. This method re-
lies on the LDDMM framework with control points to encode the deformation (see
[Durrleman et al., 2013, Durrleman et al., 2011b|) and they provide a classification
between down syndrom subjects and control subjects, with potential anatomical
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features that could have a discriminative power. In [Lee et al., 2017a] (see also
[Charon and Trouvé, 2013|, chapter 4 and [Charlier et al., 2015a]), the authors ap-
ply the framework of functional shapes with LDDMM to perform a statistical anal-
ysis of retinal optical coherence tomography images. A classification using a linear
discriminant analysis on initial momenta to automatically classified glaucoma, sus-
pects and healthy subjects across the dataset. Note that this work has been pushed
forward in [Lee et al., 2017b].

In this section, we present some first results of atlas estimations with kernel met-
rics on normal cycles as data attachment term. Examples are shown on synthetic and
real data, using the algorithm of hypertemplate that is recalled in subsection 4.2.1
and subsection 4.2.2. The estimated atlas on retina datasets shows an improvement
on the quality of the obtained deformations and some hints on the consideration
of curvatures with normal cycles are shown (subsection 4.2.4). For now, we have
not performed a statistical analysis of the initial momenta and this is postponed to
future work with relevant data.

4.2.1 Theoretical Framework

In the following, we will consider a set of N shapes (curves or surfaces) Xi,...X,,.
We recall that we are set in the LDDMM framework, where a group of transfor-
mations Gy is generated with integration of time-varying vector fields living in a
RKHS V. Let us start with the simple case where all the shapes live in the same
orbit under the action of Gy: X; € Gy. Xy := X fori=1,..., N. The Riemannian
metric on Gy provides a metric on X and the Fréchet mean is the natural extension
of the well known Euclidean mean. The Fréchet mean X is the critical point of the
square distances to each X;, namely:

N
7 = arg gl(lel}!l( Z dX<Xi7 X>27
i=1

where dx(X;, X) = inf,eq, day, (gp.X, Xi). This means X comes with N deforma-
tions (¢')1<;<n such that ¢(X) = X;. In this setting, it is a well known result
of Riemannian geometry that the Fréchet mean exists. Even though it is a good
candidate for the mean shape, the assumption that the shapes live in the same orbit
under the action of Gy is not relevant nor desirable. To relax this hypothesis, we
allow for some residual:

X = ¢'(X) + &

The quantification of the residual ¢; is of crucial importance for the atlas estimation
and depends on the data attachment term that we choose. In common applications,
this quantification is made using kernel metrics on shapes representations that we
have seen in Chapter 2 and Chapter 3. The relaxed problem of estimating a mean
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shape writes:

min 7Y de(X, 0 (X)) + D g(¢'(X), ). (48)

‘Plv--a‘PNEGV i=1 i=1

Remark 4.8. All the classical result on Fréchet mean are usually in finite dimen-
sion. Howewver, once discretized, the problem of atlas estimation leads back to this
usual case.

In our application, g will be a kernel metric on normal cycles: g(gpi(X ), XZ-> =
i 2
IN (" (X)) = N(X) [y

Remark 4.9. The formulation (4.8) can be formally derived from a Mazimum
A Posteriory (MAP) as it has been detailed in [Durrleman, 2010/, chapter 5. In
this statistical setting, we introduce two priors: the first on the deformations, en-
coded with the optimal vector field vy € L%, with Gaussian density pgero(vo) =
exp(— |[voll3 /20%) and the other prior on the noise model on shape residuals:
pr(€i) = exp(—|leillsy /20%,). Supposing that the residuals are i.i.d., we are look-
ing for the template X that mazimizes the probability of observing the shapes
(X)1<i<n knowing the template X : Hfilp(X,|7) With appropriate approxi-
mation, the minimization of the associated log-likelihood takes the form (4.8). See
[Durrleman, 2010], chapter 5, [Charon and Trouvé, 2013], chapter 4 for more de-
tails.

Of course, this equation has to be considered cautiously since there is no precision
on the space on which X lives. A nice approach to provide a sound mathematical
framework is to consider that the possible templates live in a restricted yet large
space, generated by a hypertemplate. This idea was introduced in [Ma et al., 2008,
Ma et al., 2010]. Considering a shape Xy, called the hypertemplate, we restrict the
problem as follow:

min VZdX(Xy goi(X))2+Zg(g0i(X),Xi). (4.9)

XeQy,.Xo ' 4
oL, oNEGY i=1
Notice that the group of deformations Gy, needs not be the same as Gy. In
order to have a mathematical well-posed setting as well as a closed form for the
computations, we consider an additional cost in the functional: the hypertemplate
not only generates the space Xy = Gy,.Xo but it is also the starting point for
optimization:

N N
. 2 i 2 i ,
)rgé%{)G Yodzx, (Xo, X)™ + Eldx(X,sO(X)) + .Elg<s0 (X),Xz)- (4.10)
5017"'790 cGy = =

With the LDDMM framework, the previous minimization over Gy, and Gy can
be transferred to a minimization on the Hilbert spaces L%,O and L?:
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greuL% Jatlas(voavla"'a =% |UOHVO+VZHUOHV+Z <901 0901 )7Xz>
Ul,...,fuN‘gL%/

(4.11)

where we recall that optimal trajectories in Gy have constant velocities: [ vel|? =

[voll3, and where ag’f = vio?, o =1Id. One should notice that the minimiza-

tion of (4.11) provides both the template X (X = ¢*"(X,)) and the deformations

vt

from the template to the shapes (X;)1<i<y of the datasets.

1<i<N

Theorem 4.10. Suppose that X1, ..., Xy are N compact sets in Upr and assume
that one has the embeddings V, Vo — C3(RY,R?), and W — Qi7" (R? x S%1). Then
there exists a minimizer (v2,vy,...,vY) € LY x (L{)N for the problem (4.11) of

atlas estimation in the hypertemplate setting, with kernel metrics on normal cycles
as data attachment term.

Proof. The proof follows the one of theorem 4.2. From a minimizing sequence

N
(W2 vk o) ey € (L%/O X (L%,)N> , we extract a subsequence that weakly con-
verges to (UO vl,...,v)). This is possible since the energy terms -, HUOH%/O

721 1 ||v0||V guarantee that the sequence is bounded. Now we recall that v
|08 N(C) — N(S)||?, is continuous for the weak convergence on L?, and lower semi-
continuous. This property implies that (v0 v}, ... vY) is mdeed a minimizer of

(4.11). O

Once again, this theorem encompasses both the case of smooth submanifolds
and the one of polyhedral shapes.

4.2.2 Atlas Estimation Algorithms for Discrete Shapes

As for registration problems, we approximate this continuous atlas estimation in the
case of discrete shapes. The action of diffeomorphisms is restricted to the vertices
of the shapes only, leaving the meshes structure unchanged, and we use the classical
approximations on the metric on normal cycles that have been presented in (2.20),
(2.21) and section 4.1. In this discrete setting, the geodesic equations on Gy reduced
to the case of landmarks and the optimal paths are parametrized by initial momenta
localized on the vertices of the source shape. For a set of shapes Xi,... Xy with
an initial hypertemplate X,, we denote z° the vertices of X; for i € {0,..., N}.
Denoting Ky (z,x)p = (Zz ) (xk,:vl)pl)1<k< where n is the number of vertices
of x and Ky the kernel of deformation, then we can write the approximated problem
of atlas estimation in the discrete setting with kernel metrics on normal cycles:
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N
miEI%Rd)n J(po, - -, pn) = o000 Ky (2, 2 po-i"YZPTKV zt, ' pﬁZQ(‘Ppl(f)vl'i);
PO,-PN Py —
(4.12)

where:

I

T =P (960)
g approx i\approz || 2
9i(#" (@), 2") = || N (X o )PP — N(X)PP
and where we recall that N (X SDzoi)‘””f"“’f‘*’ corresponds to the approximated normal
cycle of the mesh with vertices ¢?' (%) and with the same mesh structure as X. Now

that we have the discrete formulation, we detail the algorithm of atlas estimation. In
the following, we denote (z(1), p(1)) the forward integration of the geodesic equation

for landmarks:
i(t) = Ky (x(t), z(t))p(t)

p(t) = =V (p(t), Ky (x(t), z(£))p(t))
(x(0),p(0)) = (z,p).

Algorithm 3 Hypertemplate algorithm

Input: X, (hypertemplate initialization) with vertices 2%, X,..., Xy shapes of

the dataset with respective vertices z!, ... 2",

Output:

arg min J(po,pi1, ... pn) = Y0pg Ky, (2, 2 poﬂZpTKv o2ty g(e” (@), @

Po,P15--+5 PN
=1

initialization: py =0,p; =0,...,py =0

while Convergence do
Compute (xo(1) = T, po(1)), (F(1),pi(1))1<i<n through forward integration of
(1.13) (with kernel Ky, for X, and Ky for (X;)1<;<n.
Compute Vzyg(Z(1), ;) fori =1...N.

Compute V,,0)g(Z(1), z;) fori = 1... N through backward integration of (1.14).

Compute V)9 = backward integration of (1.14) with kernel Ky, starting
with ViJ == 37 Vi0)9(@(1), x;).

Compute vpoj(pOapla cee 7pN) = ’YOK’U(:L‘CH xO)pO + vpo‘]g-

Compute V,,J(po, p1, - - -, pn) = VK (s, 2)pi + Vp,9(T(1),2;) for i =1,...  N.

Po <= o — 00 VpeJ (o)
pi < pi — 0V, J(po, 1,y ..., pn) fori=1,... N.
end while

As for registration, we use a quasi Newton Broyden Fletcher Goldfarb Shanno al-
gorithm with limited memory (L-BFGS) [Liu and Nocedal, 1989] to minimize (4.12).
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The step in the descent direction is fixed by a Wolfe line search. For the numerical
integrations, a Runge-Kutta (4,5) scheme is used (function ode45 in Matlab). The
convolution operations arising are done with parallel computing on a graphic card.
The CUDA mex files using GPU are included in the MATLAB body program. The
algorithm is run until convergence with a stopping criterion on the norm of the
successive iterations, with a tolerance of 107°.

Remark 4.11. Other template estimations are possible. For example, we could have
minimized on the vertices of the template directly, i.e. we minimize the functional:

N N
min ‘](E7p17 ce 7pN) =7 ZplTKV<$Z7 xl)pZ + Zg(gppl(fL xl)

ZT,D1,---sPN
7p7 7p i:l i:l

The gradient with respect to the vertices VzJ is computed through backward inte-
grations of (1.14) starting with (Vf(l)g(f(l),xi),O) . This procedure is also
1<i<N

used in the community of LDDMM. If this estimation procedure seems more di-
rect and less “initialization-dependant” than the hypertemplate setting, it still suffers
from several drawbacks. First of all, we are not able yet to prove the existence of
a minimizer in this framework. Moreover, the gradient VzJ is a L*-gradient and
it is possible that the evolution of the template during the minimization procedure
suffers from singularities (as folding for example). Thus, we need to reqularize the
gradient (e.g. with a Gaussian kernel). All this have been studied with more details
in [Charon and Trouvé, 2013], chapter 4 and [Charlier et al., 2015a]. We have not
investigated yet this template estimation in this manuscript, but it could definitely
be a future work.

4.2.3 Curve Atlas Estimation

Atlas estimation of brain sulci: we find again the brain sulci studied in subsec-
tion 4.1.4. The database is composed of 6 brain sulci from 6 individuals (figure 4.25).
One can see in figure 4.15 that the brain sulci fit in a bow of size 120mm x 120 mm
x 80 mm. The atlas estimation is made with the hypertemplate algorithm, exposed
in subsection 4.2.2. The hypertemplate is composed of 6 sulci from another subject
that is not in the database. Note that this is not an optimal initialization since
it introduces bias of the chose subject in the template estimation. We will evoke
later other possibilities to chose the hypertemplate. We present in the following the
results for atlas estimation with normal cycles and varifolds

The hypertemplate algorithm is run with the already seen L-BFGS procedure
for the minimization, and with a geodesic shooting as explained in Algorithm 3. For
the deformation kernel, we chose a Cauchy kernel of width oy = 20 both for the
hypertemplate deformations (Ky,) and for the template deformations (Ky ). The
spatial kernel k, for normal cycles and varifolds is a Gaussian kernel with width
ow. The normal kernel for normal cycles is a Sobolev kernel of order 3. For the
varifolds, the kernel on the Grassmanian is chosen linear. Two runs are performed
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Figure 4.25: The database of 6 brain sulci for 6 individuals.

179



Chapter 4. Registration and Atlas Estimation with Normal Cycles

for the minimization, one at coarse scale with oy = 25 and one at finer scale with
width oy = 5. Each run are ended at 1000 iterations.

The total number of points for on subject is in average 300. For normal cycles,
the total time for the atlas estimation was 20000 seconds (around 5 hours and 30
minutes, 10s/it). Note that this time can be reduced with parallel computing that
we have not implemented yet for curves. For varifolds, it was 15000 seconds (4 hours
and 10 minutes, 8.7s/it). The obtained template for normal cycles and varifolds are
shown in figure 4.26.

T

v Y &

(a) Hypertemplate (initial- (b) Template obtained (c) Template obtained with
ization of the template)  with normal cycles varifolds

Figure 4.26: Template estimation from the dataset of figure 4.25 with normal cycles and
varifolds as a data attachment term, starting with the hypertemplate on the left. The
hypertemplate corresponds to a subject that is not in the database.

In figures 4.27 and 4.28, we show the registration from the estimated template
(with normal cycles and with varifolds) to two chosen subjects, in order to illus-
trate the difference between the estimated atlas. The main difference lies in the
consideration of the branching points with normal cycles. This implies that with
normal cycles, the registration tries when possible to make a correspondence be-
tween the branches. For the metric on varifolds on the contrary, it is similar to
make a correspondence between the branches or to twist one branch to match in
the neighbourhood of a branching point. As one can observe in the middle sulci in
figures 4.27 and 4.28, even though the cost of deformation is higher, the metric on
normal cycles will enforce the registration of branching points, leading to a much
more convincing matching. Note that this atlas estimation is hard since there is not
the same number of branches in the template and in the subjects.

The template estimation could be improved by choosing an hypertemplate that
is not a real individual subject. One could imaging a synthetic hypertemplate com-
posed of segments with branching. Then we can take a close look at the deforma-
tion from the hypertemplate to the template: if one branch of the hypertemplate is
crushed during the deformation, we can remove this branch from the hypertemplate
and perform again the template estimation until a satisfactory template is found.
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(a) Template estimated (b) Shooting to the subject (c) Subject 1
with normal cycles 1 with normal cycles
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(d) Template estimated  (e) Shooting to subject 1 (f) Subject 1
with varifolds with varifolds

Figure 4.27: Shooting from the template to subject 1 with normal cycles (top row) and
varifolds (bottom row). The main difference is observable is the middle sulci. The metric on
normal cycles enforce the matching of branching points and extremities and the registration
takes into account those features. On the contrary, with the metric on varifolds there is
not such enforcing and it is similar to twist the sulci instead of making a correspondence
between branches.
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(a) Estimated template (b) Shooting to subject 5 (c) Subject 5
with normal cycles with normal cycles
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(d) Estimated template  (e) Shooting to subject 5 (f) Subject 5
with varifolds with varifolds

Figure 4.28: Shooting from the template to subject 5 with normal cycles (top row) and
varifolds (bottom row). The main difference is observable is the middle sulci. The metric on
normal cycles enforce the matching of branching points and extremities and the registration
takes into account those features. On the contrary, with the metric on varifolds there is
not such enforcing and it is similar to twist the sulci instead of making a correspondence

between branches.
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4.2.4 Surface Atlas Estimation

We present now some first results of atlas estimation with surfaces dataset and kernel
metric on normal cycles, with constant normal kernel.

Atlas estimation of “Venus” dataset: The first dataset, provided by Nicolas
Charon and Benjamin Charlier are 6 human-looking shapes, each shape containing
around 2500 vertices fitting in a box of size 2 x 2 x 3. The atlas estimation is made
with Algorithm 3 and the metric on normal cycles with constant normal kernel.
In figure 4.29, we have disposed the different subjects in orange and the initial
hypertemplate in the center, in blue. Note that this disposition is only to ease the
viewing, but the all the venus are in fact centered. In figure 4.30, we isolated the
initial hypertemplate as well as an axis grid to visualize the scale of the features.

The minimization procedure is made with a deformation kernel Ky, that is a sum
of 4 Gaussian kernels of decreasing size (0.8,0.4,0.2,0.1). The deformation kernel of
the hypertemplate is the same as Ky,. The spatial kernel for the metric on normal
cycles is a Gaussian kernel of width oy,. Three runs are performed, with a decreasing
size of ow: ow = 1.5,0.8,0.4. The two first runs can be seen as an improvement
of the initialization and it captures different scales of the shapes during the atlas
estimation. This atlas estimation has already been made with kernel metrics on
varifolds in [Charon and Trouvé, 2013], chapter 4.

Each run is stopped at 100 iterations at most. The runs ended respectively
at 100, 67 and 100 iterations, for a total time of 10812 seconds, i.e 3 hours (40.5
s/it). The results are shown in figure 4.31, figure 4.32 and figure 4.33. Figure 4.31
presents the shooting from the initial hypertemplate to the estimated template. The
result is convincing, notably the rising of left arm that is an invariant of the dataset.
figure 4.32 and figure 4.33 present two examples of registration from the template
to one subject of the dataset. One can see that the matchings are very good.
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(a)t=0

Figure 4.29: Dataset of 6 Venus and the blue hypertemplate (the initialization of the
algorithm). Each venus contains 2500 points.

Figure 4.30: A closer look at the hypertemplate. It contains 3000 points.
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4.2. Atlas Estimation with Normal Cycles
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Figure 4.31: Evolution of the hypertemplate’s shooting with normal cycles and constant
normal kernel as data attachment term. At time ¢ = 1, we obtain the estimated template.
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Figure 4.32: Shooting from the template to one subject.
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Figure 4.33: Shooting from the template to one subject.
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Chapter 4. Registration and Atlas Estimation with Normal Cycles

Atlas estimation of a retina dataset: This second dataset is the same as sub-
section 4.1.5, provided by B. Charlier, N. Charon, and M.F. Beg. It provides more
hint on the behaviour of the metric with normal cycles. In this dataset, we recall
that the surfaces are retina layers, and that the borders (exterior or the hole in the
center) distort considerably the registration with classical metrics on shapes (cur-
rents, varifolds). We have seen with the registration problem of subsection 4.1.5
that the metric on normal cycles improves greatly the registration, resulting in a
much smoother deformation with a good matching of the borders. This observation
will be similar for atlas estimation. In this experiment, we compare the result with
the one obtained with the RKHS metric on varifolds.

We start with 6 retinas presented in figure 4.34. The hypertemplate is in blue
in the center. We have chosen another retina of the dataset that is not one of the 6
in order to reduce the bias from this choice. Again, the disposition of figure 4.34 is
only for a visualization purpose, and the data are in fact hole-centered. Moreover,
for a better viewing in this manuscript, we multiply the x-scale of the representation
by 2 (but not on the data!), which gives this more curved aspect.
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(a)t=0

Figure 4.34: Dataset of 6 retinas and a blue hypertemplate. Each shape contains 5000
points.

The minimization procedure is made with a deformation kernel Ky that is a
sum of 4 Gaussian kernels of decreasing size (0.8,0.4,0.2,0.1). The deformation
kernel of the hypertemplate is the same as Ky,. For varifolds and normal cycles, the
spatial kernel is a Gaussian kernel of width oy. Three runs are performed, with a
decreasing size of oy : o = 1.5,0.8,0.4.
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4.2. Atlas Estimation with Normal Cycles

Figure 4.35: A closer look at the hypertemplate. It contains 5000 points

Each run is stopped at 100 iterations at most. For normal cycles, only the first
run was effective and ended at 100 iterations (the second and third runs only had 2
iterations before converging) for a total time of 10656 seconds, i.e 3 hours (102 s/it).
For the varifolds, only the first run was effective as well, and ended at 47 iterations,
for a total time of 14766 seconds (300 s/it, notice that this comes from the fact that
we did not parallelized the computations of the varifold metric, but theoretically the
varifold metric is less complex that the normal cycles’).

Figure 4.36 presents the shooting from the initial hypertemplate to the estimated
template for normal cycles. Notice that the borders are smoothly deformed. This
result is to compare with figure 4.37 where the border is strongly deformed, even
though it does not correspond to any invariant feature of the dataset. It does not
happen with normal cycles since the metric is sensitive to the borders. figure 4.38
and figure 4.39 present the registration from the template to one subject of the
dataset respectively with normal cycles and varifolds. The nice estimation of the
template provided by normal cycles allows for a much more convincing and regular
registration than for varifolds.

Remark 4.12. To overcome the difficulty of the border that arises with the varifold
metrics, it has been proposed to enforce the matching by adding a current or varifold
term associated with the curve 0S of the shape S (i.e. a supplementary data at-
tachment term) (see [Lee et al., 2017af, [Charon and Trouvé, 2013/, chapter 4 and
[Charlier et al., 2015a] for all the numerical considerations of the retinas atlas esti-
mation with varifolds.). It is important to notice that for normal cycles, we have not
made any supplementary assumptions, nor any numerical reqularization or scaling
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of the gradient to obtain the template.

QA

(a) Hypertemplate (¢t = 0) (b) t=0.5 c) template (t = 1)

Figure 4.36: Shooting from the hypertemplate to the estimated template with normal
cycles
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(a) Hypertemplate (t = 0) )t=20.5 c¢) Template (t =1)

Figure 4.37: Shooting of the estimated template with varifold
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Figure 4.38: Shooting from the template to subject 6 (normal cycles)

Now, let consider the same dataset, but this time we add another retina that was
the result of a bad segmentation (figure 4.40). One can observe that the new retina
presents two triangles that are artefacts. We will see the influence of this subject in
the template estimation.

The same parameters were chosen for the minimization procedure for normal
cycles with constant normal kernel and for varifolds. The two first runs were stopped
at 100 iterations, and the last run had only one iteration before convergence for
a total of 201 iterations in 22188.9 sec, i.e. almost 6 hours (110 s/it). For the
varifolds, only the first run was effective, with 69 iterations (i.e. the algorithm
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Figure 4.39: Shooting from the template to subject 6 (varifolds)

(a)t=0

Figure 4.40: Dataset of 7 subjects and the blue hypertemplate.
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stopped because it has converged), for a total time of 23000 seconds (334 s/it, again
the time per iteration is high compared to the complexity of the varifolds due to the
non-parallelization).

Figure 4.41 presents the shooting from the initial hypertemplate to the estimated
template for normal cycles. Again, the borders are smoothly deformed. Moreover,
one can notice the appearance of two little bumps located at the same position as
the artefacts of the new retina. Even though these artefacts are small compared to
the size of the spatial kernel, the metric on normal cycles sees them as region of
high curvature and takes it into account during the atlas estimation. This result is
to compare with the estimated template obtained with varifolds,figure 4.37, where
we observe the same behaviour as for the previous atlas estimation (figure 4.37). In
figure 4.43 we present the registration between the estimated template with normal
cycles and the new retina with artefacts. Notice how the two little bumps of the
template are matched to the two triangles. Onecan find the same registration with
varifolds in figure 4.44. As expected, the metric on varifolds is insensitive to this
artefacts and the matching does not take them into account. This shows how sensi-
tive to noise or artefacts normal cycles are. Once again, it can be an advantage or a
drawback depending on the kind of data we are working with. Any uncertainty on
the data acquisition can have a major impact on the estimation.

FoNT S =Y

(a) Hypertemplate, t = 0 (b) t=0.5 (c¢) Template (t = 1)

Figure 4.41: Evolution of the hypertemplate’s shooting with normal cycles constant

nﬂﬂ

(a) Hypertemplate (¢t = 0) (b) t=0.5 c¢) Template (t = 1)

Figure 4.42: Evolution of the hypertemplate’s shooting with varifolds
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Figure 4.43: Shooting from the template to the subject 7 with normal cycles constant
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Figure 4.44: Shooting from the template to the subject 7 with varifolds

4.3 Conclusion

In this chapter, we have presented several examples of registrations and atlas estima-
tions for curves and surfaces with different metrics on normal cycles and compared
these results with the one obtained with varifolds. All these experiments draw a
clear link between normal cycles and the curvature that is encoded depending on
the metric. We have seen that the registration takes into account region of high cur-
vatures as well as extremities, and that depending on the data, it allows for much
smoother deformations. This is notably the case for retinas registrations and atlas
estimation where the results are very convincing, including the borders. This is not
the case with varifolds where an important amount of energy is spent on the corners
for a result that is not physically relevant. However, this nice feature must be quali-
fied: as we have seen again on the retina dataset, normal cycles are very sensitive to
artefacts, and the slightest uncertainty on the data can have an important influence
on the registration. This was an expected limitation since we cannot hope for a
metric that is both sensitive to curvatures and extremities and insensitive to noise
and artefacts.

An important future work that we have not made yet is a statistical analysis
with the atlas estimation. In this chapter, we have provided atlas estimation for
different dataset for a showcase purpose. However, it is of interest to provide a
statistical analysis coupled with the atlas estimation for real dataset of shapes, and
to compare this analysis to the one obtained with varifolds or currents. Doing so,
we would see if the complexity of the normal cycles’ model implies an improvement
of the variability that is captured by the statistical analysis, and this would validate
the introduction of this new model. Of course, this implies to find dataset for which
the properties of registration seen in this chapter is interesting.
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We present here an overview of the main contributions of the manuscript, as well as
perspectives which would be interesting to investigate as a future work.

In this thesis, we focused on the design of a new dissimilarity metric between
shapes, using kernel metrics on normal cycles. The aim was to provide a fully coher-
ent framework that is also practicable in computational anatomy. The specifications
for such a setting are multiple: a representation of shapes which encompasses
both the continuous and the discrete case, with if possible a quantification of the
information contained in the representation; the construction of a metric that is
computable for discrete shapes and interpretable in a theoretical point of view.

Chapter 2 can be summed up with the following question: what are the properties
of the representation of shapes with normal cycles? The contributions of this chapter
are twofold. First of all, in section 2.4, we endeavour to show how to fit in a common
framework normal cycles for smooth and discrete shapes. This is not immediate
since normal cycles are defined at first for sets with positive reach. The additive
property (2.15) allows to extend the definition to sets that are unions of sets with
positive reach and an adapted decomposition of the normal bundle for meshes give an
immediate description of the normal cycle for discrete shapes. Another contribution
of this chapter is a precise overview of the curvature informations contained in a
normal cycle in section 2.5. This part relies mostly on previous works [Federer, 1959,
Zahle, 1987, Théle, 2008], but we pushed further in this direction by introducing
subspaces of differential forms, on which the infinity norm of a normal cycle is
associated with unsigned curvatures.

To relate this work with previous ones, we can highlight section 2.6. We prove
here that the varifold px associated with a submanifold X can be interpreted as a
projection of the normal cycle N(X). If N(X) encodes curvatures, we show that
the projection loses all these informations and that a varifold is (in a sense that is
specified in section 2.6) a “locally flattened” normal cycle. This is a first step to a
unification of the different shapes representations (currents, varifolds and normal
cycles) and it would be interesting as a future work to further investigate this link.
We will come back to this consideration in the next paragraph.

The main contribution of Chapter 3 is the introduction of kernel metrics on
normal cycles in section 3.3. These metrics allow for a dissimilarity measure between

shapes that is both mathematically sound and numerically computable. The kernel
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is chosen scalar and is a product of a spatial kernel k, and a normal kernel £,.
If the choice of the spatial kernel is similar to what have been done for currents
and varifolds, we had to choose the normal kernel. The main limitation for this
choice was the requirement of an explicit discrete metric. Since the kernel metric
involves integral over normal bundles, the computation may be intricate. For a
simple constant kernel (k,(u,v) = 1), we are able to provide explicit metric for
discrete curves and surfaces, as well as their gradient. For the Sobolev kernel on
the sphere or the linear kernel (k,(u,v) = (u,v)), which are more complex, we only
have explicit metrics for discrete curves (section 3.7). Interestingly, even though
the constant and the linear kernels may seem too simple at first, the associated
metric on normal cycles still retrieve curvatures of the shapes. As it is shown in
section 3.5, in the case of surfaces, the constant kernel encodes information linked
with the mean curvature, and the linear kernel contains information linked to the
Gaussian curvature. Thus, we do not get rid of all the curvatures with such kernels,
and the complexification of the normal cycles model remains justified.

A promising avenue of research would be to link the metric on normal cycles and
the projection of normal cycles on varifolds. To what extend do we retrieve usual
metric on varifolds when projecting the metric on normal cycles? We can already
observe that for the discrete part, the planar component of the scalar product on
normal cycles can be interpreted as a varifold scalar product. It would be interesting
to pursue this observation in the continuous case and maybe to explicit the obtained
metric on varifold from the metric on normal cycles.

An application of this study could be close to the question of universality
of the kernels that have been briefly tackled in section 3.4. We know that this
property is not fulfilled with the constant or the linear normal kernel, resulting
in a pseudo-distance on Q4 *(R? x S41) only. However, we do not want at any
cost a real metric on Q3 ' (R? x S? ') but only that the distance on the normal
cycles associated with shapes is a real distance, i.e. if C' # S are two shapes of
RY, we want that |N(C) — N(S)||y» # 0. This is a weaker result and we believe
that it is true for constant and linear normal kernels. A way to prove this may
be to make the most of the link between varifolds and normal cycles. Indeed it
has been shown in [Charon and Trouvé, 2013|, chapter 3, that kernel metrics on
varifolds may provide metric on shapes, even when the property of universality is
not fulfilled. It may be interesting to start with the metric on normal cycles with
constant or linear normal kernel and study the projection of this metric to see if we
retrieve a well known situation with varifolds.

In Chapter 4, we used this new dissimilarity measure for shapes registrations
and atlas estimations. For the theoretical part, we proved the existence of a min-
imizer for the inexact registration problem with kernel metrics on normal cycles
theorem 4.2 and theorem 4.10. For the applicative part, we implemented the eval-
uation of the kernel metric on normal cycles for curves and surfaces, as well as the
gradient evaluation, and integrated it in the LDDMM numerical framework to pro-
vide first examples of registrations and atlas estimation (subsections 4.1.4, 4.1.5,
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4.2.3 and 4.2.4). The complexity of the normal cycles model leads to an increasing
calculation time for the computation of the metric. However, one should notice that
the complexity remains within the same order, but more operations are needed at
each step. Most of the computation time still comes from the LDDMM part (forward
and backward integrations of the geodesic equations). To reduce the computation
time, we parallelized the code, using GPU and mex files integrated on the Matlab
body program. This allows for examples of registrations and atlas estimation with
surfaces with up to 10 000 points in a reasonable time (for now, 30 minutes for a
registration and 3 hours for a template estimation of 7 subjects).

We illustrated with numerous examples the properties of a registration with
normal cycles. The first property that one can observe is that normal cycles provide
more accurate matching, even when the size of the spatial kernel is large compared
to the features to be matched. Moreover, the registration will favour the matching
of corresponding high curvature regions. We can also highlight the fact that normal
cycles take naturally into account the boundary of the shapes. This implies a good
matching of the extremities or branching points for the curves, and a good matching
of the boundary for surfaces. This implies also that normal cycles are sensitive to
topological changes, as opposed to currents or varifolds. This may be a drawback
if we have uncertainty on the data (for example a poor segmentation that creates
artificial holes). However, we believe that this feature may be of interest on some
data, as we showed for the retina dataset.

In subsection 4.2.4, we show first examples of atlas estimation. With the retina
dataset figures 4.34 and 4.40, we see that normal cycles improve drastically the
regularity of the deformations, as well as the accuracy of the matchings. And even
though for an applicative purpose, the boundary of the retina are not relevant,
we observe that varifolds provide a less regular deformation because a significant
amount of energy is spent on the corners. We hope that this illustration may be a
good indication for a future use on real medical data.

Of course, these are preliminary results. The estimated atlas had
no other objective but to show the advantages and drawbacks of nor-
mal cycles. A first step after this thesis will be to perform a statistical
analysis on the estimated atlas in the spirit of what have been done in
[Charlier et al., 2015b, Lee et al., 2017a, Durrleman et al., 2014] among oth-
ers. The idea is to use the Riemmanian framework provided by LDDMM, and to
use statistical tools on the initial momenta of the deformations. These tools may be
as simple as a Principal Component Analysis, to isolate the principal modes of the
deformations, but they can be more complex (see again the previous references).

This manuscript paves the way for further applications of normal cycles. Among
the future avenues of research we would like to highlight a few. First of all, an
obvious future work is to develop the computation of the metric in the case of
discrete surfaces for non constant k,, at least for the linear normal kernel. This
is of interest since we have already seen that the kernel metric with linear kernel
encodes Gaussian curvature information of the surfaces. A normal kernel &, (u,v) =
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14 (u, v) would thus contains all the curvatures informations. However, the calculus
remains intricate and this may lead to another approach: to find interesting compact
approximation of the spherical part of a normal cycle. The approximations in the
space of normal cycles are not as obvious as they are for currents or varifolds.
Indeed, one of the requirements of an approximation of discrete shapes would be
that it converges to a continuous version when the size of the mesh goes to zero.
This is not the case for the spherical part of the normal cycles. For example, one
could think of “spherical Dirac” to approximate the integration over the spherical
part of the normal bundle. However, the spherical part above a vertex may remain
unchanged when the size of the mesh goes to zero, preventing from any convergence
result.

The question of approximation for the metric on normal cycles can be linked to
the one of jet particles [Sommer et al.,; 2013, Jacobs and Sommer, 2014]. In these
articles the authors develop (in the framework of LDDMM) compact higher order
representations of the deformations. For example, they introduce first-order mo-
menta whose geodesic equations involve the kernel of the RKHS V' and its deriva-
tive, but also higher derivative. The interest of such representation is that it can
encode locally affine transformation compared to zero-th order momenta that only
contains local translations.

Usually, we do not encounter higher order momenta in registration algorithm
because the approximation made on the data attachment term is at order 0: it
depends only on the point of discretization z;, and the action of diffeomorphisms
is restricted to the vertices only. The order of approximation is conserved during
the geodesic shooting, making the optimal momenta a linear combination of
order 0 momenta. However, it is possible to use higher order approximation
for the data attachment, involving ¢(z3), but also dy(z) and d?p(x;). With
such approximations, we naturally end up with higher order momenta. As we
have seen in subsection 2.4.4, the action of a diffeomorphism ¢ on normal cycles
involves o, dp and d?p. Thus it seems natural to consider compact second order
approximations of the metric on normal cycles. Such approximations would provide
second order momentum distributions. The increasing complexity of this model
could be counterbalanced by its higher order accuracy. This consideration definitely
needs further investigation.

Another natural extension of the framework of normal cycles is the
consideration of functional shapes. Functional shapes are geometri-
cal data with a signal information as for example functional MRI. In
[Charon and Trouvé, 2013, Charlier et al., 2015a|, the authors introduce a
framework for the shape representation of this new kind of data and apply it
in [Lee et al., 2017h, Lee et al., 2017a] with retina where the signal is the thickness
of the nerve fiber layer surface. The framework developed in these article relies
on the representation of shapes with currents or varifolds. Since the theoretical
ground is similar for normal cycles, one could almost straightforwardly transfer the
geometrico-functional setting to normal cycles.
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We have not tackled an interesting aspect of the metric on normal cycles: in-
dependently of the dimensionality of the considered shapes, the associated normal
cycles live in the same space Q4 (R? x S%~1)’. This could be used in application for
the registration of mixed structures. One could think for example of surfaces with
thin corner that become one dimensional. With normal cycles, this specific case is
naturally taken into account.

It can also be applied for reconstruction of surfaces of curves from incomplete
data. This problematic close to the one of volume reconstruction from slice (see
for example |Bretin et al., 2017] where the authors set up a variational framework
with a minimization of an energy associated with the volume to reconstruct an
object from slices). In our case, one could imagine for example to start with points
cloud, and to reconstruct the associated surface by matching an initial surface
(a candidate guess) to the point clouds with the registration problem seen in
Chapter 4. Of course, this depends critically on the choice of the normal kernel,
and for now the constant normal kernel is not interesting on points cloud (in fact
the associated metric vanishes). But once more complex kernels are available, this
would be an interesting line of inquiry.

We believe also that kernel metrics on normal cycles can prove useful out-
side the LDDMM framework, in the spirit of [Cohen-Steiner and Morvan, 2003,
Cohen-Steiner and Morvan, 2006, Chazal et al., 2008, Chazal et al., 2009], where
the authors study the curvature information of a smooth surface that one could
retrieve from a surface approximation using normal cycles. The advantage of our
setting is that it provides a Hilbert space W’ where all the representation of shapes
lives, and it might be possible to obtain convergence rate of the approximation on
W' and retrieve information on the curvatures convergence. Of course these are only
guess for now, and we need to work further on this direction.

Lastly, and still outside the deformation analysis it would be interesting to use
with benefit the cost of connection that appears with normal cycles. In fact, in
the Hilbert space W', the cost of connection is quantified. Indeed, in W’ difference
between two segments unconnected but at distance 0 and the associated connected
segment has a norm that is exactly the norm of a point. This property can be used
as a detection of topology change and one could think of classification algorithms
from the evaluations of distance inside a dataset of curves. Again, this first rough
outline deserves a study on its own.
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Appendix A

Kernel metrics on normal cycles for
discrete shapes and different normal
kernels

We derive here all the calculus for the kernel metrics in the case of discrete shapes
(curves and surfaces in R?) with different normal kernel k,: constant, linear and a
scalar spatial kernel k,. In all this appendix, we use the notations introduced in
section 3.7.

A.1 Constant kernel

Let us start with the constant kernel, k,(u,v) = 1.

A.1.1 Discrete curves

For C' and S two unions of curves, we want to compute (N(C'), N(S))y,, where W
is the RKHS generated with k,(u,v) = 1.

(N(C),N(S)>W, — <N(C«)cyl’ N(S)cyl>w/ + <N(C)Sph,N(S)8ph>W/

Using the expression of Iy N(C') obtained in (3.17) for the constant normal kernel,
we immediately see that the scalar product between two discrete curves involves only
spherical terms (indeed, Ky N(C') € Wy). This means that given the decomposition
of the normal bundle for unions of segments (figure A.1), only the scalar spherical
scalar product between spheres and half-spheres remains.

(N(C), N(S))yr = (N(C)", N(S)™)yy,
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=

Figure A.1: Decomposition of the normal bundle of a union of segments. In green, the
spherical part. For a given vertex, there is one associated sphere, and as many half spheres
as the number of adjacent edges at this vertex.

(we recall that the half spheres are negatively oriented). The calculus with constant
normal kernel are easy since it allows to decorrelate the integration over the spheres:
if S; and S, are spheres or half spheres, with any spatial disposition, we have:

(& % [S4], % [Selwr = k) / / a(u,0) (75, (), 75, (1)) AA () dA2(0)

~ ko) | | / ) ) )

k() < /S ), /S 2 vd%”2(v)>

/ ud A (u) = 0, / ud A (u) = o
52 Sa

where we recall that S = {u € S*|(u,a) > 0} and |a| = 1 is the half sphere
spatially oriented with the vector . Now we get for the scalar product of union of
segments with constant normal kernel:

and one gets

N
7T2

(N(C), N(S)hwr = (N(C)™" N(S)™)yy, = > kolwayy) (A By) (A1)

=1 j=1

where A; = Y, fi/|f}] is the sum of the normalized edges with z; as vertex, and
oriented outward from x;. It encompasses the case of branching points with three
or more edges with the same vertex x;.

Gradient: The computation of the gradient with respect to a vertex z;, involves
the gradient of the kernel V,k,(x;,, y) and the gradient of the scalar product (4;, B;):
Vi, (Ai, Bj). For the latter, if we consider fi = x; —z; the edge linking the vertices
k and 7, one can compute explicitly V,, (fix/|fix|, B;):
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1
Vay, (fir/ | fiwl, Bj) = mk—_ﬂpfﬁc(Bj)

where Pyi s the orthogonal projection on f;, namely pfﬁg(Bj) = B; —
(Bj, fir/|fix]) fir/| fix]. With these expressions, it is now possible to implement the
computation of the gradient with respect to the vertices: for each vertex x;, compute
Vik,(x, yi) and pfﬁc(Bj) for every edge fix that links x;, to another vertex.

A.1.2 Discrete surfaces

’

3

Figure A.2: Decomposition of the normal bundle for two triangles with a common edge.
In this figure, the two normal bundle of the open triangles appear. Then, we add (only
once) the normal bundle of the open edge (the red cylinder and the two green half spheres).
Then we add ( only once) the normal bundle of the vertices of the edge (the two green
spheres).

©

v

For discrete surfaces, using (3.16) we see that above a regular part of the trian-
gulation C, Ky N(C') € W which means that N(C') has a component in (W) only
and thus that the planar part is not involved. The scalar product of normal cycles
above vertices (i.e. the spherical scalar product) involves terms as:

kol ) / / Fin(11,0) (e (5, 1), 7o (3, 0)) AP () AP ()

= ky(z,y) </S T (7, 1) d%”2(u),/s TNC(y,v)d%”2(v)>

=u for the spherical part

= k,(,y) < /S | wd A2 (), /S 2 vd%z(v)>

For the spherical part, we have already computed the scalar product with spheres
and half spheres. If we focus on portion of sphere, one can show that if
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s0,cp,
Sl = { SQuSSOu

Qu € [O,W], Pu € [07900]}

cl,
cos(p0/2)
is a portion of sphere, then [¢ ud7#?(u) = 7 sin (¢0/2) | sin(po/2) |. Now, taking
0

into account the orientation, we have to compute for the spherical part:

<x X ([s.] — [hs] + Z[p.s]),y X ([s-} = [hs]+ Z[p-81)>w,

where s stands for sphere, h.s for half sphere and p.s for portion of spheres. In fact,
one can show that for a given vertex, summing the contributions of the sphere, the
half spheres (associated with the edges), and the portion of spheres (associated with
the triangles), then the spherical part vanishes for a vertex that is not in the border.
Moreover, we have the following equality:

(N(C)Pr N(S)™") ., = (N(OC), N(8S))

thus, the spherical part is exactly the scalar product of the curves associated with
the border, scalar product that have been computed right above.

Now let us focus on the cylindrical part. As it has been said for discrete curves,
the scalar product involving a cylinder is null, and thus, only the half cylinders
remains. Consider thus the scalar product between two half cylinders. If we denote

HCyly = [a,b] x Si- ,, HCyly = [c,d] x Si _, two half cylinders (where S;-F = {u €

b—a,a
S?| {(u,b—a) =0, (u,a) > O} is a half circle), we compute the scalar product in W’
between these two half cylinders. With the approximations that we have made on
normal cycles, the integration over the spatial part is replaced by a single evaluation

of the spatial kernel k, at the middle of the segment, and the integration over the
spherical part is not approximated, this leads to:

(HCyly, HCyl),,r = / / / b, ) (it (2, 0), T (9, 0)) A (2, 1) s 7%y,
[a.b] Jled] Syt S Sh gt

b—a,a

~ k (G;Lb C+d> (b—a,d—c)

P ) 2
b— d—
x/ / < ¢ X u, ¢ Xv>d%1(u)d%1(v)
Sy St it b—al |d — ¢l
a+b c+d
_k:p( B )(b—a,d—c)
b— d —
X ¢ x/ ud%l(u),—cx/ vd A (v)
b — al Syt |d — ¢ St o pt
7w ra+b c+d b—a d—c
_Zk’p< 5 ' 9 ><b—a,d—c><|b_a’><a,mx,8>
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A.2. Linear kernel

In a triangle T, [a,b] corresponds to an edge and « corresponds to a unitary
vector orthogonal to [a,b], in the plane defined by the triangle and oriented in the
interior of the triangle. Finally, if we consider two triangulations 7 and 77, we have:

(N(T). N(T )y = (N(TYYN(T)M),,, + (N@T), N@T )y

72 Je me
TS S e fz,gj>< TS >

i=1 j=1 T; triangles TJf triangles

with edge f; with edge g;

+(N(OT), N(OT"))
(A.2)

where ng, 5, is the normal vector of the triangle T; such that ng, ;, X f; is oriented
inward for the triangle T'.

Gradient: The spherical part of the gradient has already been tackled for discrete
curve. For the cylindrical part, we basically need to compute the gradient of terms
that takes the form k,(c;, d;) (fi, ;) (nr, np).

Vi (Kol dj) {fir 95) (o, ) ) = Vi, (Kp(ei d;)) {fir 95) (e, )
+ kp(ci, d3)Va, ((fir 95) ) (nr, )
+ky(ciydj) (fis 95) Vo ({0, mr))
Each term being easily computed. The only difficult part is ka( (np,ngr) ) For

(ngxl) ><(a:3fx2)
|(z2—z1) % (w3 —22)|

this, suppose that ny =
the fact that

and that we want to compute Vinp. Using

U 1 U U 1

Jul [ul / Tul” ~
where p,. is the orthogonal projection on u*, then we have using chain rules for
derivative:

1

(22 — 21) X (73 — 29)]

Vonr =— pn%(h X (x3 — x3)).

A.2 Linear kernel

In this section, we consider k,(u,v) = (u,v).

A.2.1 Discrete curves
(N(C),N(S))yr = (N(C)Y',N(S)¥),,, + (N(C)*",N(S)™")
Let start with the spherical part:
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Appendix A. Kernel metrics on normal cycles for discrete shapes and different
normal kernels

(& % [S],y % [l = Ey(,9) / / B (11,0) (75, (1), 75, (1) A2 () A (0)
— k(2 ) /S /S (1, 0Y2 A2 () dA2 (v)

Suppose that S; and Sy are two half spheres. With the invariance to rotation, we
can suppose that

s0,cp,
Sl = { SQUSQOU

ch,

s0,cpy
0. € [0, 7], 0u € [O,W]},SQ = { 56,50,

0, € [0>W]7§0v € [‘PJH‘SD}}
cl,

The integration is thus explicit, and one can show that

s8¢y 50,cpy
/ / u, v) d%ﬂQ YA (v / / / / st sgpu , | sbus0,
Sy JSa cb,
x sin 6, sin 0,dp,dp,dd, d@v

_47T2
3

which is independent of any relative disposition of the half spheres. The same
calculations leads to:

/ / (1, 02 A2 () AA () —
sphere «/ sphere

And thus we obtain for the spherical part, taking into account the positive orienta-
tion of the sphere and the negative orientation of the half spheres:

e = 5SS (1) (- )

Now, consider the cylindrical part. With the now usual approximations, we have:

2 2
16m (1, 0)? A () A () = O

half-sphere / sphere 3

Ne  Me

(N(C) s N (Ot = D2 2 Kol i) (o g3)

i=1 j=1

. /S% /% (w,v) (w A fif | fil, v A g;/lg;1) Ao (w)d A (v).

and again with rotational invariance, we can suppose that f;/|f;] = (0,1,0) and
9i/19j| = (—sinp;j, cos ¢;;,0) where ;; is the angle between f; and g;. This means
that
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A.2. Linear kernel

sO,cpy, 50,c,
Sy, = { $0uspy | |0u € [0, 7], 04 € {O,W}},ng = { s0,50, | |0, € [0, 7], @, € {goijﬂr—i-goij}}
cb, cb,

and thus we want to compute
/SL /Sl (u,0) (w A fif|filsv A g;/1g;]) dA (u)d s (v)

This last expression is explicit with the parametrization of S ]%Z and Sglj, and one can
show by developing

2

/Si /SL (w0} (A fif1fil; v A g3/ lg;l) dA (u)dA " (v) = %Cos%'j

and if we substitute this expression in the cylindrical scalar product, we get:

2 Ne Me

<N(C)Z%m‘ox7 N(C)z%lprox =5 Z Z k cl? fl? g]> COS 90@]
i=1 j=1

2 Ne  Me

:—ZZ/{Z ci,d |f2‘|gJ|COSSOZJ

i=1 j=1
and for the total scalar product:
2 Ne Me
(N(C),N = —sz ci, 1)\ fill ;| cos® i

=1 j=1

1672 o m

L _ M) (4 u

S (-5 (15

where n,, (resp. my,) is the number of segments with z; as vertex (resp. ;).

Gradient: The gradient of the spherical part is immediate since it depends only on
ky(zg,yi). For the cylindrical part, the only non immediate part is the computation
of V,, cosy;;. For this, we recall that cosy;; = (fi/|fil,g;/|g;]). If we suppose
that f; = o — 2y and compute V,, cos ¢;;, one gets again with the chain rules for
derivative that has already been done in Appendix A.1.1:

1

TP \Gi/1951)-
— f; (9;/19;1)

Vz, €Os @i = Z
2
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Appendix A. Kernel metrics on normal cycles for discrete shapes and different
normal kernels

A.2.2 Discrete surfaces

With (3.19), only the spherical and planar part are involved. For the planar part,
an immediate computation shows that the planar scalar product is exactly the one
obtained with the varifold kernel metric with the linear kernel on Grassmanian,
[Charon and Trouvé, 2013]:

<nTi7nTj>2'

(NP NP =437 3 kb8 Ar

i=1 j=1

A
T;

However, the computation of the spherical part is more involved. The one in-
volving spheres and half spheres have already been computed in Appendix A.2.1.
Consider in full generality the scalar product between two portion of spheres S; and
S, located at vertices z and y. Du to rotational invariance, we can suppose that

50ycpy
S = { 50,50,
cb,

0, €10, 7], p. € [9007901]}

(2 % [S1],y % [l = kol 9) / / (1, 0)2 dA (u)d A (0)
S1 J S5
:k;p(m,y)/ / (s@usevc(gou—%)+c@ucﬁv)230u59vd9ud«9vdgoudgov
So JS1

:k:p(m,y)// [330u330vc(g@u—gpv)2
S1 JS2

+ 50,50,¢%0,%0, + 2520,,520,,c0,,c0
X c(py — gpv)} do,do,dp,dp,

Now we use the following equalities:

/ sin® 0df = 4/3, / sin® # cos df = 0, / sin 6 cos? §df = 2/3,
0 0 0

and integrate first with respect to 0,:

(o xSy x S = 4/3h(e) [ [ Petion =

p1t+eo
+2/3kp(x,y)/ / 560,¢*0,d0,d0,dp,dp,
®o Sa

then with respect to ,:

(x x [S1],y X [Sa])yy = 4/3ky(a, ?J)/ s°0,1/4[sin(2(p1 + @0 — o) — sin(2(v0 — o)) + 1] dOydp,

So

+2/3ky(z,y) 01 / s0,¢*0,d0,,db,dp,dp,
Sa
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A.2. Linear kernel

Since sin(2(¢1 + wo — @u) — sin(2(¢o — @y) = 2sin @y cos (2(@0 — y) + 901), we
finally obtain:

//(u,v)Qd%Q(u)d%Q(v):4/3901<p2+4/3sing01/ sin®(6,,) cos (Q(gov—goo—gpl))dﬁvdgov.
S J S,

Sa

One should notice that this situation encompasses the case of sphere and half
sphere that has already been tackled for discrete curves. In this case, sin ¢; = 0 and
we retrieve the product of the area of the considered spheres. For the second term,
we cannot use any more assumptions on the position for S,. For now, we are not
able to compute this term, and we will consider a truncated version of this integral
by neglecting this last term. Considering now two triangulated meshes 7 and T,
we get:

N M Ny My
memWWMWW=Zwamwwwwv ) IACEN

=1 j=1
Nack Myl

X 7T(4 — 2nxk + 2ka) -2 Z Qpi,xk] |:7T(4 - Zmyl + 2Myz) -2 Z Spjvyl]
i=1 =1

where n,, is the number of edges with vertex xj and V,, is the number of triangles
with vertex zy, and ¢; 4, is the angle at vertex xj of the triangle 7.

Gradient: We want to compute Va, (N (T )approzs N(T")appros) v srune- Lhis gra-
dient involves quantities as V1k,(x,y) that are easy to compute and implement. In

2
j| <nTi, nT]{> and V,, ¢ 4,

(IQ—CE1)>< (CE3—I2)
[(w2—z1)x (z3—22)|"

the following we focus on the computation of V,

We can suppose that T has i, xo, x3 for vertices and that ny =

2
Noticing that [Ap| (ng, ng)? = <\/(|’Z2f;)l ji”ii;fi)‘ : nT/> , we have

m< (xo — x1) X (13 — T2) nT,>2:2< (19 — 1) X (13 — T9) nT/>
1 \/’($2—$1)X(I3—1’2)|7 \/|($2—$1)><(1‘3—$2)\7

(l’g — IL‘l) X ([Eg — 172)
Vxl , v
) <<¢mm—xnxua—@n >)

d@“*?%a“”zi%ﬂh 3 () )
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Appendix A. Kernel metrics on normal cycles for discrete shapes and different
normal kernels

then, using the chains rule for the derivative, we get:

Vx< (g —x1) X (3 — x2) nT/>:_ 1
' \/’(ﬂfz—ﬂfl)x(%—xzﬂ, \/’(xz—iﬁl)x(x:%—xz)’

1
X (nT/ X (.Tg — .232) — 5 (nT/ X (333 — .Ig),nT) 7’LT>

To—T1
lz2—z1]”

For V., ¢i.,, we consider the triangle 1" with vertices z1, 2, z3 and ejp =

€13 = ﬁ%h We recall that ¢r; = arccos ( (€12, €13) ) Using the chains rule for

derivative, we obtain:

—1 1
Vi, or1 = > — 7 |pef2(€13)
1 — (e12,€13)” 2 !
-1 L
= _— —  _din QPTJL
’ Sin SOT,l‘ ‘1’2 — $1’
_ _€1L2
|29 — 21

where ef; is the normalized orthogonal vector of e15 in the plane of the triangle such
that (efy, e13) > 0. With similar notations, we have

1L
—€13

Vi, or1 = m

and since o1 + @ro + @3 =7, Vo, or1 = —Va,0r1 — V011,

This gives all the necessary quantities to implement the gradient
V:rk <N(T)app7“0337 N(T,)approx>W’,trunc'

A.3 Sobolev kernel

The computation of the metric on normal cycles for discrete curves and Sobolev
normal kernel is postponed to the next two appendices.
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Appendix B

Spherical Harmonics

The sphericals harmonics are eigenvectors of the spherical Laplacian. In the same
spirit as Fourier expansion, spherical harmonics are useful to expand a function
on the sphere since they form an orthonormal basis of the Hilbert space L*(S?).
This basis encodes spatial frequencies on the latitude and the longitude : the first
spherical harmonics describe low spatial variation on the sphere, and the more we
expand a function on this basis, the more details about the spatial frequencies of
this function we get.

Spherical harmonics will be useful in this paper to explicit the normal kernel
: since the RKHS we chose on the sphere is a Sobolev Hilbert space, it can be
expressed as the RKHS defined by an operator Ly = (Id — A)®, and the normal
kernel will have an explicit expansion.

A scalar function on the unit sphere can be seen as a function of two vari-
ables 0, ¢, where 6 € [0, 7] is the polar angle and ¢ € [0,27] the azimuthal angle
(see B.1)

There are 2[ + 1 spherical harmonics of order [, denoted (Y} ,,) —1<m<; and satis-
fying the equations

y

(1, 0, 0)

Figure B.1: Spherical coordinates, ¢ € [0,27] and 6 € [0, 7]
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Appendix B. Spherical Harmonics

_ASQYE,m(eu ()0) = l(l + 1>Y27m<97 @)

OYym (B.1)
- — =mY, m 97
The (Y;,;n) i>0 form an orthonormal basis of L?*(S?), endowed with its usual

—1<m<l
scalar product. Thus, any f € L?*(S?) can be written

l
f = Z Z al,m}/l,m

>0 m=—1

where the limit is in L?. We have explicit expression of the spherical harmonics with
the Legendre polynomials . We will rather use the real spherical harmonics :

Yiolt,9) =\ o Rlcos)

Vi 6.0) = \/ o b P cost) cos(m) (B2)
in0.9) = \/ o b P coso) sin(img)

hle) = zllz!d%( -

B L @k—Dr
=2 I

L<k<i
and
dm
Pz)=(-1)"(1 - xQ)m/zd—sz(:v)
T
2k — 1)!!
— _1 l+m 1 2 m/2 _1 k ( 2k‘—(m+l)
) m+lz<k<l< ) (L = k)!(2k = (m + l))!2lfk$

with (2n+ 1)1 =1%3x---x(2n+1) et 2n)!! =2 x4 % - x2n.
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Appendix C

Annexes

C.1 Some Notations

4 -1
-k !
= 0 0do = -
Al /0 sSin™ ¢ cos A 1ak+2,l 2

We get obviously with induction :

0 if [ is odd

2(k — NI — Dk +1 — 1)

= CE) if [ is even and k odd

(1= DUk — 1) (k+1)!
SN EDIE

s if k.1 are even

With these notations, we have :

20+1 [T . .
Dioij =1/ 4:; /0 Py(cos 0) sin’ § cos’ 0d6

2+ L (k=1
Vo4 2 (=1 (1 — k)l(2k — [)l2rk 1i2kttd

1/2<k<l
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Appendix C. Annexes

et
2041 (1 —m)! [T : ,
Dymij = +1(—m) / Pyn(cos @) sin' 0 cos’ 0db
”’ 2r (I4+m)! Jo
241 (1= m)!
B 27 (I4+m)!
1)k (2 — 1)1 ™ | , (C.1)
% l (k |>2k ( k l >'21k/ Sinm—HQCOSQk—m—l-i-J 0de
LA T FNER= (D)2 J,
\/2z+1(z—m)! (CDH k-
= | AY — 19—k Smti2k—m—l+j
27 (I+m)! nfiore (I —k)I(2k—(m+1))2

C.2 Computing the scalar product between cylin-
drical parts 3.24

We compute here the approximate scalar product between the cylindrical parts of
two segments, C; and S;. Cy = [cg, ¢1] and 57 = [sg, $1]. We use the same notations
as in 2.4.3 If we denote a = Hg:ig” and 8 = H;:zgll (notice that for every x € Cf,

y € Sy, 7¢,(z) = a and g, (y) = B) we have :

l l
<N(Cl)2%pro:c7 N(Sl)cc;]/)proa)wl = <5%,ai7 6:‘0;51 ’BL>W’

and we can sum up the scalar product :

¢ c coptc1 Sot+ s
<N<Cl)a%lprom7N(Sl)a%orom> = {kp < : 2 17 s 92 1) <Cl — Co, S1 — SO>}

X {/sl /Si K (u, v) <TSC{-(U)7TS§,—(U>> d’Hl(u)d'HI(v)}
T (C.2)

The first factor necessitate only the evaluation of the point kernel at the middle of
the segments. The second factor is more involved : we will use the expansion on
spherical harmonics of the normal kernel developed in ?7.

A first and very important remark is the future use of the invariance of the
normal kernel under a rotation. This means that, if u,v € S?, k,(u,v) depends
only of the relative position of v and v. And by invariance of the kernel, we can
suppose that a = (1,0,0) and 8 = (cos p, sin ¢, 0) where ¢ € [0, 7| is the unoriented
angle between v and f (the notations were defined in B.1). We will now formulate
the integral with the parametrization of the sphere (p, ). One should be cautious
that the tangent vector 7¢(z) should have a coherent orientation with o and w, i.e.

sin 0, cos ¢, COS Yy
Tgi(u) = —aAu, withu = | sinf,sing, |, et TSé_(U) = —fAv, avec f = | sin g,
cos 0, 0
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C.2. Computing the scalar product between cylindrical parts 3.24

u should describe all Sy, which means ¢, = £, 6, € [0,7] and v should describe
all SBL, which means ¢, = +7 + ¢, 0, € [0,7]. Then, we get

c c cop+c1 So+ s
<N(Ol)a1;3lproa:’N(Sl)alg/?lprox> - k < . ) 17 L 9 1) <Cl — Cp, S1 — 30>

Z Z / / (u,v)(cos ¢ cos 0, cos 0, + sin 0, sin @, sin 0, sin(p, — ¢))db,db,

7r v
=p*7
(C.3)
Developing k,, in spherical harmonics and regrouping the terms gets :
c ) cotc1 So+ 51
<N(Cl)az]})i37‘0:v7 (Sl a%lproac>w/ = kp ( ) ) 9 ) <Cl — Co, 81 — SO) Z
pu=ty Pv
1 s ™
Z X {/ Yio(x) cos Hudﬁu/ Yio(y) cos 0,db, cos ¢
l 0 0

+ / Yjo(x) sin Qudé’u/ Yio(y) sin 0,d0, sin p,, sin(p, — @)
0 0

+ Z / x) cos 0,,db, / Y5 (y) cos 8,db, cos ¢
0

+/ Yy (x) sin 0,,d6, / Yi$ (y) sin 6,d0, sin ¢, sin(p, — @)

0

—i—Z/ x) cos 6,d0, / y) cos 0,db, cos ¢
+/ Y (x )sm@udé’u/ Y;> (y) sin 6,d0, sin ¢, sin(p, —gp)}

0 0
Using the notations of C.1, we get :

c c copt+c1 Sot+ s
<N(Cl)a§z/afurox7 (Sl)a%;rox>wl = kp ( : 17 0 1> <C1 — Cp,S1 — 50) Z

2 2 . =
pu=ts 7Y

s
2

Z A { 1,0,0,1 COS Y + D12,0,1,0 sin @, sin(p, — )
1>0

+ Z D} 0.1 €08 @ cos(m @y — )

m=1

l
+ Z DIQ,m,l,O COS(m(QOu - 9011)) sin Pu Sin(@v - 90)}

m=1

Since

Z Z COSgpcos(m(spu . va)) _ {0 lf m odd

et} pucoeT) 4 cos pcos(my) if m even
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and

. . 0 it m even
Z Z sin p,, sin(p, — @) cos(m(p, — py)) = { .

ot} prefpe ) 4cos(my) if m odd

We gather the terms and get

c c Cop+c1 Sp+ s
<N(Cl)a%lproa:7 Sl a%lproa7>w/ = p ( > 9 1a - 9 1) <Cl — Co, S1 — 30)

ZX 4D1001+2D1201+4D1110)C0390

>0
l

Z 4Dl2,m,1,0 + 2Dl2,m—1,0,1 + 2Dl2,m+1,0,1] cos(mep) }
m dd

Interverting the summation symbols, we obtain

) . co+c1 s+ s
<N(Cl)a%lprox7 (Sl)a%lprox> - k < 2 ’ 2 >

X {¢1 — ¢o, 81 — So) Z Ay, cOS(Mmep)

m>0

(C.4)

with )
a1 = Z E(4D12,0,071 + 2D12,2,0,1 + 4D52,1,1,o)

>0

1
\ aom—1 = Z /\_<4Dl2,2m—1,1,0 + 2D12,2m—2,0,1 + 2Dl2,2m,0,1)

1>2m—1

(lgm:o

\

C.3 Computing the scalar product between the
spherical parts

This computation is somehow similar to the previous one. However, one should be
cautious at the different terms involved in the computation. As seen in 77, there are
different objects in the spherical scalar product : the half sphere, associated with
the extremities of the segments, and the sphere, associated with the vertices. Thus
the scalar product involves cross term. We begin with the scalar product between
two spheres, i.e. the normal cycles associated with isolated vertices a and b. One
should be cautious when parametrizing the integral, as the volume element on the
sphere is non trivial.

2T T
(VU N D) <yl [
21 s
{/ / ko (u, v)(sin 0, sin 0, cos(p, — ¢,) + cos b, cos b,) sin Hvdgovd@,} sin 8,dy,db,,
o Jo
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C.3. Computing the scalar product between the spherical parts

With an expansion on spherical harmonics of k,

(N({a}), (B} = Fpla, b) / /{ / / 2)Yioly)

Z + Y5 (2) Y35, ()
X ( sin 0, sin 6, cos(gou — ¢y) + cos b, cos QU) sin Hvdﬁvd%} sin 0,,d0,dy,
1
= ky(a, b)Z)\ (47> D} 14

>0

Y () sin® 6,6, / / Y (y) sin 20, cos(py — 0y)dip,ddydep,

s
A

2m 2m
/ Y5 () sin 0, cos 0,,d0,, / / Y5 (y) sin 0, cos 0,dip,d,dp,
0o Jo

/

+/ / () sin® 6,6, / / Yy (y) sin 20, cos(py — ©y)dp,db,dp,
o Jo
+/ / Y (z) sin@ucosé’udéu/ / Y% (y) sin 6, cos 0,dp,d,dp, )
0o Jo o Jo
=0

The integral of the variables ¢, et ¢, cancels all the other terms:

_I_

2m
/ / cos(mep,,) cos(mep,) cos(p, — wy)dpudp, =0, Ym > 2
0

and for m =1,

27 271 27
/ / cos(py,) cos(py) cos(@y — @y )dpudp, = 7r/ cos? pudp, = T2
o Jo 0
27
= / / Sln(SDu) Sin(gpv) COS(QOU - QDU)dQDudQOU
o Jo

With the same calculus as in C.2 we get :

(N({a}), ({b})> (a b) Z %(47T2D12,0,1,1 + 272Dz2,1,2,0) (C.5)

>0

The scalar product between a half-sphere ST at point a, and a sphere follows the
exact same calculus and we get :

(Ha} x SH,N{BY))yp = kpla b)zi(mgw +7D}.,)  (C6)

1>0
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For the scalar product between two half spheres, S and SZ{ at point a and b :

({a} x ST, {0} x S51) 0 = Kpla, )1 (e, B)

where

T3 T rets
— / / { / / kn(u, v)(sin 0, sin 6, cos(o, — ©y)
0 J-3 Jo Je-%

+ cos 0, cos 0,) sin degovdﬁv} sin 6,dy,db,,

Again, with an expansion on spherical harmonics :

L s S

>0 2 2

N

[sin 0, sin 6, cos(p,, — ,) + cos b, cos 8,] sin 0, sin 0,,db,dy,db,dp,

Integration on 6, and 6, gets (with notations of C.1) :

Z y {Dzozo/ / i cos(py — o) dpydpy +7TQD12,0,1,1

>0

—4 cos ¢

+ Z D? 1 / / (cos(mpy) cos(mip,) + sin(mep,) sin(mep,) ) deude,
©—

m\=|

ME] m\:\

+
+ Z Dl2,m,2,0/ (cos(mp,) cos(mp,) + sin(mep,) sin(mep,))
m=1

_T _
2 2

COS(SOU - @v)dgpvdWU}

! 2
4‘l)lmll
(e, Z)\l AD} 2008 + T2 D71 + 2D1120+ Z TCOS<mS@)
1>0 m=1
m odd

Lo 2 2
+ Z Dj 20 [m cos((m —1)p) + m cos((m + 1)g0)}

m even

We can write :

Z Zalmcos me)

>0 m=0
= Z (Z al,m> cos(me)
m>0 \I>m
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C.4. Computing the Gradient of the Norm Associated with a Kernel Metric on
Normal Cycles

So
([{a} x St [{b} x S;]>W, = k,(a,b) Z by, cos(m) (C.7)

m>0

where b,, = > ;- aim with

( T Dio14
5022#4‘22/\ D150

1>0 >1

b — 4D12+1,1,1,1 +4D12,0,2,0 +2D12+2,2,2,0
L= E
Ait1 i Ai42

>0

2D2 2D?
D pr I—1,m—1,2 I+1,m+1,2 .
:_Z i )\’m 20 4 +)\’m+”0 if modd,m>1
> I-1 I+1
L b =0 if m even ,m > 0

C.4 Computing the Gradient of the Norm Associ-
ated with a Kernel Metric on Normal Cycles

Here, we compute in the discrete case the gradient of the cylindrical part of the
kernel metric on normal cycles.

ATy, Cy) = || N(Cy)™ = N(Co) |
_ HN(C«l)cylHQ + HN(CQ)CylHZ _9 <N(Cl)cyl,N(02>cyl>

If we keep the same notations as in the previous appendixes, with

0;; = arccos (<£ £>>
’ £l 15

, we have (by composing the differentiation) :
n
axkAcyl — Z apiAcyl 0 Oy, Di + 89%1 Al o &Ekxﬁ + 8xfi2 Al o a’rkxff
i=1

with

n

Op AV = Z(alkp(%pj) + 0ok (pj, i) (fis f5) Z Ay, cO8(MB; )

j=1 m>0

_2201 (P 5) (fi293) D @ cos(mepis)

m>0
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Appendix C. Annexes

8f2ACyl = ( ky(pi, ; Z am cos(mb;;) f; Z ky(pi, q; Z (m, cos(mgpij)gj>

m>0 m>0
, n k l - 5i 'msm(m@j)i ( fj . < fz fj > fz )
* (Z oo 22) Fo ) 2, et STt il ~ TR 171 T
S k. (ps, 3 msin(mgo,;j)i ( 9j _< fi ’ 9j > fi )
=2 lewa) o) 2 en T ST T~ TP 171 T

here, we use :

0y2 cos(mpyy) = TERMPs) G <£ &>

| sin(gi;)| | fil g5
_ msin(mp;;) 1 (ﬂ _< fi &> fi )
|sin(pi;)| [fil \ gyl |fil " lg;| /| fil
msin(me;;) 1 9i

|sin(ei)| £l 195

with p,1 is the orthogonal projection on fi+, and
1
Onpi =5 (Smpsy + Spmrzy ) 1d
8xkl'fi1 = 5{k:fi1}1d

Then, we get for the gradient of A% :

VAP ((z)1<h<n) = [Z (Z(Vlkp(pi,pj) + Vaok,(pj, i) (fir i) Z Qi cos(mb;;)

i=1 j=1 m>0

- 1
—2) " Viky(pis @) (fir95) > am COS(m%j)) 5 Op=p1y + Opa=y2y)

j=1 m>0
+2) (Z ko(Dispg) Y amcos(mbi) f; = > kp(pis @) D> am COS(msf)ij)gj)
i—1 \j=1 m>0 =1 m>0

X (Ogr=r2y = Opi=r1y)
msin(mb;;) 1 f

+2 kp(pis ) (fis f Ot Uom——— 7o =L
Z<Z 4 ) 2 Sstm =T S TP U7

m>0
m sin mgﬁzg) 1 9
_ k is I3 m 1951
Z o(Pis03) (i 9 ,;) [sin(i)| 1" ng>

X (Ogr=yp2y — 5{k=f3})]

1<k<N

One can check that VAY((z;)1<x<n) € (R3)Y
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C.4. Computing the Gradient of the Norm Associated with a Kernel Metric on
Normal Cycles

With the same type of calculus, that we do not detail here, we get also the

gradient for the spherical part :

=1 j

N
T _'_nx
VASph(($k)l<k:<N (Z Vl xkyzl) + Vzk‘ (mhxk)) { (1 _ Nay, : z) K
=1
+ Z (Op=yry — 5{k=f3})(5{z:fj1} — (5{1:]‘].2}) Z b, cos(meij)]
- m>0

1

. Ny + Ny,
—2> Viky(zi )| (1- — K

1=1
+ 2D Gpumpiy = Opmpy) (Gp=gty — Sp=g2}) D bm COS(m%j)]
i=1 j=1 m=0
N n m
203 D k(@) Yy D (20kes = DOp-szy = Oy Opamgty + Ogempry)
s vertex [=1 =1 j=1
linked to k&
6;;) 1
" Z mmsm(m )_ g_J
s Isin(0y)] | 17 7]
-2 ) ka<www>22 (200=5 = 1)(Op=g2) — Op1=g1}) (Ogs=s1) + Oga=y2y)
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