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FAST LARGE DEFORMATION MATCHING WITH THE ENERGY
DISTANCE KERNEL.

SIWAN BOUFADENET, JEAN FEYDY®, AND FRANCOIS-XAVIER VIALARDT

ABSTRACT. We propose an efficient framework for point cloud and measure registration using bi-
Lipschitz homeomorphisms, achieving O(nlogn) complexity, where n is the number of points. By
leveraging the Energy-Distance (ED) kernel, which can be approximated by its sliced one-dimensional
projections, each computable in O(nlogn), our method avoids hyperparameter tuning and enables
efficient large-scale optimization. The main issue to be solved is the lack of regularity of the ED
kernel. To this goal, we introduce two models that regularize the deformations and retain a low
computational footprint. The first model relies on TV regularization, while the second model avoids
the non-smooth TV regularization at the cost of restricting its use to the space of measures, or cloud
of points. Last, we demonstrate the numerical robustness and scalability of our models on synthetic
and real data.
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1. INTRODUCTION

The analysis of shape variations is a well-studied domain, with several applications in biomedical
imaging [Rue+99; Dav97]. One of the standard tasks in this field is registering shapes, which can
be of different natures, images, segmented surfaces, line bundles, etc... Several methods have been
proposed over the last two decades, which can be divided into two main categories: the first category
is optimization-based methods, in the LDM framework for example [Beg+05; Via+12], and the second
category is learning-based methods [Dal+19; Zhu+21]. Typically, the second method requires a large
database. Despite the name, recent foundation/universal models [Tia+24] may not generalize well for
datasets that are extreme outliers to the set of training data classes. Fine-tuning of these models is
recommended, particularly under supervision, which optimization-based methods can provide. How-
ever, these methods may suffer from long computational times, depending on the dimensionality of
the input.

In this paper, we are interested in adapting regular and invertible shape registration methods in
the so-called large deformation diffeomorphic metric mapping (LDDMM) framework [Tro98; Beg+05;
Gla05] to the Energy-Distance kernel [Sej+13]. These deformations, which can be applied to images,
clouds of points, or measures, are parameterized by time-dependent vector fields v; € L?([0,1],V),
where V is a (sufficiently smooth) reproducing kernel Hilbert space of vector fields defined on RY,
such as Sobolev spaces of high-order. The corresponding flow ; is obtained by solving 09 (t, z) =
v(t,(t, x)) with the initial condition ¥(0,z) = x € R% Let A be a template object and B a target.
The registration problem minimizes the energy functional:

1
/0 Sl + Sim(u(1) - A, B), (L1)
where Sim is a similarity measure and v - A represents a natural transformation of the object A under
the action of the diffeomorphism (1). For instance, this action is simply its image by (1) for point
clouds. For measures, the action is the push-forward action of the map ¥ (1). By the Representer
Theorem, the optimal v, for a collection of points (z;)i=1,... n is written as K * 22;1 Pi(t)04, (1) Where
K is the kernel of the RKHS and p; € R? While this reduces the problem to finite dimensions,
the regularization term , . (p;, k(x;, ;)p;) retains a quadratic computational cost, typical of general
kernel interaction functionals, for which trade-offs between memory and computations are sometimes
necessary [Cha+21; Fey+20]. To overcome this computational bottleneck, various acceleration tech-
niques have been proposed in these contexts, such as the fast multipole method [GR87; YBZ04] or
other proximity-based algorithms such as k-d tree ([LS15] for an application in the Iterative Clos-
est Point method). While these methods achieve efficiency by approximating the kernel, they often
compromise the positivity of the kernel, a property essential for the well-posedness of the variational
problem (1.1). As a result, such approximations limit the applicability of these methods within the
LDDMM framework. Another approximation technique, called particle mesh method [Cot08], consists
of using a mesh to encode the quantities of interest and exchange information between the particles
(2)i=1,...n and the grid. On the mesh, FFT can be used for a separable kernel to reduce the compu-
tational burden in O(nlog(n)), where n is the total grid size, by leveraging a regular grid structure.
However, due to computational constraints, grid-based methods become very impractical for ambient
dimensions greater than 4.
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Main contribution: The first contribution of this article is to provide a simple computational
framework for point clouds and measures registration in the LDMM framework with the Energy-
Distance (ED) kernel. We prove that not only the gradient of the ED loss [Her+24], but also the
convolution of any finite measure with the ED kernel can be approximated by a finite sum of its one-
dimensional projections, with each projection being computable with an O(nlog(n)) time complexity.
Using an Energy-Distance based loss function, this yields an efficient registration algorithm, which
can be scaled to very large datasets. In addition, the ED kernel does not require any additional
hyperparameter tuning, in sharp contrast with a mixture of Gaussian kernels. Using the ED kernel,
we propose a registration algorithm that generates bi-Lipschitz homeomorphisms, which is a class of
regular and invertible deformations strictly larger than diffeomorphisms. In that sense, our registration
model is more expressive than standard LDDMM.

Main challenges: We propose to adapt the use of the energy distance kernel in the Euclidean space,
defined by K(z,y) = —|z — y|. There are indeed several challenges that hinder the direct application
of LDDMM theory with this kernel, which must be addressed to ensure theoretical well-posedness and
practical feasibility. First, while the ED kernel is not positive definite but only conditionally positive,
this can be resolved by constraining the so-called momentum measure Z?zl piby, to have zero-mean.
Although this constraint reduces expressivity, the Energy-Distance registration framework naturally
handles the addition of a translation term, maintaining universal approximation properties.

The second issue is the smoothness of the corresponding Reproducing Kernel space, which is not
contained in C' functions. Typically, the Energy-Distance kernel only generates Holder-continuous
velocity fields. Since such velocity fields fail to correspond to a well-defined unique flow, additional
regularization is needed in theory. We propose two parameterizations, retaining the lightweight cost
of the kernel, which guarantee that the resulting deformation is a bi-Lipschitz homeomorphism. While
being theoretically more expressive than LDDMM deformations, which are smooth and invertible, our
formulation maintains key theoretical properties such as completeness of the group and the existence
of minimizers to the variational problem.

Structure of the paper: After a brief overview of the LDDMM framework, we present our main
contributions. In section 2, we study in detail the finite interpolation problem using the ED kernel
and general conditionally positive kernels. We identify the corresponding velocity fields space as a
Beppo-Levi space, providing regularity results for the corresponding function space. In Section 3, we
study the registration problem for point clouds using the ED kernel. While proving the existence of
solutions, we demonstrate potential non-injectivity, motivating our two regularization approaches. In
the first model, we use a Total Variation (TV) regularization of the momentum-measure. A Representer
Theorem adapted to TV regularization maintains the O(nlogn) time-complexity. Our second model
only deals with measure matching, where we apply a L? regularization of the momentum w.r.t. the
current measure. This formulation is easier to optimize numerically and applies to point clouds and
discrete measures. In Section 4, we present how the ED kernel computations can be sliced with
O(nlogn) footprint, providing statistical error bounds for the approximations. In Section 5, we detail
an O(nlogn) algorithm for registration, and evaluate them on synthetic and real data. The ED kernel
and its sliced version frequently outperform standard kernels w.r.t. the robustness of the optimization.
Moreover, it requires no hyperparameter tuning, offering significant advantages in various scenarios.

Perspectives: Our light computational framework for LDDMM opens the way to its use in two
important applications: processing small but high-precision datasets, and handling high-dimensional
biomedical data [Bun+24], possibly across different modalities. The energy functional consists of two
components: the energy, which can be computed in O(nlogn), and the data discrepancy, which is
particularly crucial in practice. Recent advancements have demonstrated the effectiveness of incor-
porating higher-order information, such as through currents or varifolds [CT13]. An open question
remains to develop higher-order similarity measures between point clouds that can also be computed
in O(nlogn).

From a theoretical perspective, our experiments suggest the further study of a Hamiltonian formu-
lation, which appears well-suited for this framework.
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1.1. Introduction to Large Deformation by Diffeomorphisms. This section provides a brief
overview of the mathematical framework for large deformations by diffeomorphisms (see for instance
[G1a05]).

1.1.1. Deformation group. The idea is to model diffeomorphisms, i.e. smooth invertible maps, using
displacement fields v; € V, where V is a space of sufficiently smooth vector fields. In such a case, it is
called admissible.

Definition 1.1 (Admissible Hilbert spaces). A Hilbert space V is said to be admissible if
(VoI lv) = (CoRERY, [+ [l1,00) (1.2)

where C} (R4, R9) is the space of C! fields that tend to zero at infinity, along with their partial deriva-
tives.

Example 1.2. The Sobolev space H*(R% R%), where s > 0, is defined as

1P (R RY) = {mLQ(R%Rd) ol = | <1+|s|2>5|@<5>|2d5<oo}, (1.3)

A classical result is that if s > % + 1, by the Sobolev embedding theorem:
(H*RLRY, |- ) = (CoRERY, - ll1,00) - (1.4)

We will now denote V' an admissible space for the rest of the section, and define the time-dependent
spaces

1
L%([0,1],V) = {v:(t,x)e [0,1] XRdet(x)GV‘/O |vt||%,dt<oo}, (1.5)
and
Ll([071],V):{v:(t,m)e[O,l]de»—)vt(:E)EV‘/0 vt||vdt<oo}CL2([O,1],V). (1.6)

The admissibility condition is enough to prove the following theorem:

Theorem 1.3 (see [Youl0]). Let v € Li,. Then, for all x € R%, there exists a unique continuous
solution t — 1} (x) that verifies the Lagrangian flow equation

a) =2+ / v 02 (x)ds. (L.7)

Moreover, for all t > 0, the application ¥ is a C' diffeomorphism of R%. Finally, the applications
(t,z) — Y7 (x) are uniformly continuous, in a uniform way regarding v on every bounded set in L%,.

The deformation space of interest is then defined as
Ay = {v v e LY}, (1.8)
which verifies the following property:

Proposition 1.4 ((see [Tr098])). The function space Ay is a diffeomorphism group, which is complete
for the metric defined by

d(id, ¥) = inf {||v|\L2V lve L% )= w;f} : (1.9)
and d is extended to arbitrary diffeomorphisms ¢,v € Ay by right-invariance d(¢,) = d(id, Yo~ 1).
The deformation space Ay is a geodesic space:

Proposition 1.5 (Existence of constant speed geodesics). Let ¢, € Ay. Then there exists v € L%/
such that vf = 0.6~ and d(,) = ol = o]y -
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1.1.2. Kernel methods. In applications, the admissible space V' is a Reproducible Kernel Hilbert Space
associated with a given positive definite kernel K, as provided by Aronzajn’s Theorem 2.1. Very often,
kernels of the form K(z,y) = h(]Jz — y|)id are used, where h is a scalar function.

Example 1.6. e Gaussian kernel. Choosing the Gaussian kernel defined, for o > 0, through:
a2
ko(z,y) = exp ('x%i" ) ;

we get the Hilbert space G,, which is embedded in C¥(R? R?) for all k& > 0. Remark that
ko € G, if and only if o/ > 0/1/2, so that the velocity fields spaces G, are all distinct.

e Sobolev kernel. In general, describing the generated deformation group Ay for a given
admissible space V is a tricky operation. However, in the case of the Sobolev kernel, whose
RKHS is the Sobolev space H?, the following result was proven in [BV16]:

Aps = (Ds(R%))o

where (Ds(R%))g is the connected component of the identity in the group of Sobolev diffeo-
morphisms.

1.1.3. General matching problem. In this paragraph, V is an admissible space.

Definition 1.7 (General matching problem). Let A : Ay — R* be a discrepancy function and A > 0.
The corresponding minimal matching problem is defined as

in A Ady (id 1.10
Juin A(y) + My (id, ), (1.10)
or in an equivalent way
1
win A) 42 [ ol (1.11)
veLy, 0

The following result can be written:

Theorem 1.8 (Existence of a minimizer). Let A be defined as in 1.7. Let us suppose that v — A(?})
is weakly continuous from LY to R. Then there always exists a solution to the matching problem from
Definition 1.7.

1.1.4. Measure matching using a positive definite kernel. The previous general matching problem can
be instantiated in the context of measure matching. Let po be a probability measure. If ¢} is the C*°
diffeomorphism from Theorem 1.3, then the time-dependent measure p; = 1y #10 is a solution in the
sense of distributions to the continuity equation:

atﬂt+V' (vt,ut) :O, (112)

for ¢ € (0,1) [AGS05, p. 8.1]. By a direct application of Theorem 1.8, there exist solutions to the
following matching problem:

Proposition 1.9. Let pg,v € P(Q) and L : P(Q) x P(Q) — R be a lower semi-continuous loss, i.e.
a function such that L(a, B) = 0 iif « = B in P(Q). Then the application v € LY — LYY #po,v) is
weakly continuous, and for A > 0 the matching problem

1
min E(v) == Ly Hp0, 1) + / lonll3dt (1.13)

'UELX
has a solution in L%/.

Example 1.10. There are multiple possible choices for £. Some of them, that are specific to this
measure context, are:
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e Maximum Mean Discrepancy losses: If K is a kernel, define L (u,v) = (u—v, Kx(u—v)). One
can choose K to be a Gaussian kernel, Laplacian kernel, or the Energy-Distance kernel. For
more information see [Sri+10]. In general, these discrepancies have a quadratic computational
cost in terms of the number of points used to represent the measure p. However, for the ED
kernel, an approximation of it can be reduced to a O(Nlog(N)) computational cost, which
makes it attractive.

e A natural choice is to choose the optimal transport loss £(u,v) = W3 (u,v), where Wy is L?
Wasserstein distance, or its entropic regularization [Fey+17; LGSL22]. These two losses are
at the very least quadratic if not cubic. An advantageous loss function derived from OT ideas
is the sliced Wasserstein distance, whose cost can be approximated in O(nlog(n)).

1.2. Reduction of the optimization set. The optimization set L?([0,1],V) can be reduced to
L2([0,1], (R4)™) in the case of empirical measure matching with n Dirac masses (or cloud of n points).
To fix the setting, we consider p = % Z?zl 0., as the source measure. Given the trajectory of the points
x;(t) = @¢(x;), the minimizing vector field of the energy functional fol ||v¢||3-dt admits a sparse represen-
tation due to the Representer Theorem for RKHS. Specifically, v, is written as v,(z) = Y., Pi(t)0a, (1)
where p;(t) € L2([0,1], (R*)™). In terms of these new variables, the energy functionnal reads:

1 n
3 | 00K @0, 0)m )t + L (; > b, ) 7 (114)

under the constraints &;(t) = Z;.l:l K(z;(t),z;(t))p;(t). Without any further additional structure, the
computational cost of this functional is quadratic in n.

The goal of the following sections is to adapt the ED kernel to the LDMM framework, so that
efficient O(nlog(n)) algorithm can be performed.

2. INTERPOLATION USING THE ENERGY-DISTANCE KERNEL, INDUCED METRICS AND REGULARITY.

In this section, we present results on interpolation using a conditionally positive definite kernel.
The motivation is as follows: Let x be a probability measure on R?. To transport the measure, we
consider the action of a vector field v whose restriction to supp(yu) is in L?(p), defined via

pev=~Id+v)gp, (2.1)

where  is the push-forward operation. Here, v is chosen to belong to a Hilbert space (resp. semi-
Hilbert space), associated with a PD (resp. CPD) kernel. This space is constructed as the tensorization
of the RKHS (resp. P-RKSHS) with values in R associated with the kernel. In the two following
subsections, we present the theory of interpolation theory for the case of scalar values.

2.1. Interpolation using a CPD kernel. In this paragraph, we present the theory of interpolation
using a positive definite kernel, and how it extends to conditionally positive definite (CPD) kernels
[AB09).

2.1.1. Case of a positive definite kernel. Let K : 2 x 2 — R be a symmetric positive definite kernel,

meaning that for any (z1,...,2,) € Q" and (cq,...,¢,) € R™, we have
Z CZ‘CJ‘K<$¢7$]‘) > 0, (2.2)
i,j=1
with equality if and only if ¢y = -+ = ¢, = 0. Define the partial function K, : y € Q — K(z,y), and
let Fx be the space of linear combinations of functions in the set {K,;x € Q}. The inner product
NiBay, B Ky ) Fre = > NiBiE (i, y5) (2.3)
2]

defines a symmetric positive bilinear form on Fg. Now, an implication of Aronszajn’s famous theorem
[Aro50] states:
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Theorem 2.1 (Aronszajn). (1) The bilinear form (-,-) 7, is positive definite.
(2) There exists a unique Hilbert space of functions Hy such that
(a) (Fi, (-, )Fx) is a pre-Hilbert subspace of Hx .
(b) (Reproducing property) Vf € Hi,x € Q, f(x) = (f, Kz) iy -
The space Hy is called the Reproducible Kernel Hilbert Space associated with K.

In spline interpolation, the goal is to approximate a function f € H g that is known on a finite design
set X = {x1,...,2n} C Q using a finite-dimensional approximation. More precisely, let Fx (X) the
space of finite linear combinations of the functions {K, |z € X}. The previous theorem leads to the
following result:

Proposition 2.2 (Interpolators in Hy). Let X be a finite subset of Q and f € Hy. Then, the problem

i _ 2.4
jepin If = gll# (2.4)

has a unique solution, given by g = Sk x(f), where Sk x is the orthogonal projection on Fi(X).
Moreover, Sk x(f) is the interpolator of f on X with minimal Hx norm.

An direct consequence of this result is the important Representer Theorem, which applies to regu-
larized regression:

Proposition 2.3 (Representer Theorem). Let X = (z1,...,2,) € Q" and Y = (y1,...,yn) € R™.
Then, the solution to the regularized regression problem

n

fin 2 () = ui) + Al (2:5)
lies in Fr(X). Moreover, it is given by
F=Y K, (2.6)
j=1
where v = (Y1, ... ,7n) is obtained as
v = (Kx +Ad,)"'Y. (2.7)

2.1.2. Case of a P conditionally positive definite kernel. Now, we extend the previous results to the
case of conditionally positive definite kernels. This exposition is mainly based on [AB09; Wen04].

Definition 2.4 (P-CPD kernels, point-wise version). Let K : Q x Q@ — R be a symmetric kernel and
P c R be a finite-dimensional function space. The kernel K is said to be P-conditionally positive

definite if, for any distinct points x1,...,zxy € Q, ¢1,...cny € R satisfying
VpeP, Z cip(z;) =0, (2.8)
i=1
the following inequality holds
n

Z ciciK(zi,z;) >0 (2.9)

i,j=1
with an equality if and only if ¢; =+ = ¢, =0.
Example 2.5. e The TPS kernels

Let us define the measure space
Mp = {y € M(Q)|Vp € P,7(p) =0}, (2.10)
as well as the function space, for a finite set X:

Frp(X) ={Kxv|ye Mpn{supp(y) = X}}, (2.11)
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and

Frp = m Frp(X). (2.12)
XcQ

Xis finite

By Definition 2.4, the bilinear form

( Vet [Kxa=Y oKy KxB=Y BiK, | € Fip— Y aifK(xi,y;) €R (2.13)
@ J ,J
is positive definite on Fip. To generalize Aronszajn’s result in this setting [AB09], we need the

following definition:

Definition 2.6. A vector space N equipped with a symmetric positive bilinear form (-, -)r is said to
be a semi-Hilbert if A//K is a Hilbert space, where K is the null-space of (-, ) .

Now, the generalized Aronszajn’s Theorem from [AB09, Theorem 4.1] states:

Theorem 2.7. Let K be a P-CPD kernel. Then, there ezists a unique semi-Hilbert space (Hx p, (-, '>7{K,p)
such that

(1) The space (Frp,(-,)Fxz) is a pre-Hilbert subspace of (Hip, (-, ") #5p)-

(2) We have the direct sum decomposition Hixp =P & Fk p.

To study the interpolation problem through a P-CPD kernel, we need to introduce the following
definition:

Definition 2.8 (P-unisolvent sets). A finite set F = {w1,...,w;} C R? of [ distinct points is said to
be P-unisolvent if the application

P - R

p = (p(W1),...,p(Wl))

is injective. If it is a bijection, E is said to be a minimal P-unisolvent set. In that case remark that
dimP = 1.

Remark 2.9. If X = {z1,...,z,} contains a P-unisolvent set and (pi,...,p;) is a P basis, the
application
R* — R

P v (O wpi(zk),i € [1,1])

(2.15)

is a surjection.

Example 2.10. Let us introduce P,, the space of polynomial functions with degree at most m.

o If P =Py, then any non-empty set is Pp-unisolvent, and the minimal ones are the singletons.

o If P =Py, in R%, a set of points contains a P;-unisolvent set if and only if it is not contained
in a hyperplane.

o If P =P, with m <d—1, then a set F fails to be P,,-unisolvent if and only if there exists
a nonzero polynomial p € P, such p(w) = 0, for all w € E. The null set of p is an algebraic
hypersurface of Lebesgue measure zero, and the union of such sets as p ranges over P, still
has zero Lebesgue measure.

This allows to write the following result about interpolation in H g p:

Proposition 2.11. Let X be a finite subset of Q) containing a P-unisolvent set. Then the problem

min - 2.16
pmin = gl (216)

has a unique solution that interpolates f on X, denoted by g = Sk p x(f). Moreover, Sxp x(f) is the
interpolator of f on X with minimal Hy p semi-norm.

A Representer Theorem, analogous to Proposition 2.3 can be proven:
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Proposition 2.12. Let X = (z1,...,2,) € Q™ be a collection of n distinct points containing a P-
unisolvent set, and let Y = (y1,...,yn) € R™. Consider the following regularized regression problem
n
. 2 2
min i) —Yi) + A , 2.17
i D) =)+ A o, (217)

where A > 0. Then, its solution lies in P& Fx p(X). Let (p1,...,p) be a P basis, Kx the n xn matriz
with entries K(x;,x;) and Px the n x | matriz with entries p;(x;). The solution f has the explicit
form

n l
F= 7iKe, +> a;p;, (2.18)
i=1 j=1

where v = (Y1,...,7n) and o = (a1,...,qq) are given by

{ v = (Kx + Md,) (Y — Pxa),

2.19
a = (PL(Kx 4 Md,)'Px)"'PL(Kx + Ald,,)"'Y . (2.19)

2.2. Case of the Energy-Distance kernel, induced norm on Hg p. The semi-norm defined on
H i p induces a semi-metric on R™ that depends on the interpolation points X = (z1,--- ,x,) € (Rd)n.
More precisely, we can state the following proposition:

Proposition 2.13. Let K be the Energy-Distance kernel. Let P be a finite-dimensional space of
polynomial functions from R? to R that contains the set Py of constant polynomial functions. Let us
denote (p1,...,p1) a P basis. Let X = (x1,...,2,) € (RO™ be a tuple of n pairwise distinct points
containing a P-unisolvent set. Then the application

’HK’[P(X) = ]:Ky]p(X)EBP — RN
v = (v(z1), ..., v(xy))
18 a linear isomorphism. Moreover, using the same matrices Kx and Px as in 2.12 and given inter-

polation values Y = (y1,...,yn) € R", there exists a unique couple (yx(Y),ax(Y)) € R® x R! such
that

Lx (2.20)

P}g’yX (Y) = 0 .
As a consequence, Lx induces a semi-metric gx p,x on R" through
grpx(YVY) =yx (V) Kxyx(Y). (2.22)

The null space of this semi-metric is ezactly the set {Pxa|a € R} C R™.
Proof. First, we prove that Hy p(X) is a n-dimensional space. More precisely, by defining the con-
straint set Qxp = {7 € RN | P~ = 0}, we show that the application
Qxp X R™ = Higp(X) =Frp(X)BP

(roa) X,y a) = K, + Y ayp;
is a linear isomorphism. Remark that the application I'x is surjective by construction. Now, let (v, a) €
Qxp x R such that Ix(y,a) = 0. Since the sum is direct, this implies >;" | viK,, = 23:1 a;p; = 0.

Iy : (2.23)

As (p1,...,p) is a P basis, we get a = 0. Next, the equation Y ;" | v, K, = 0 implies:
n 2 n
> ik, =Y K (@i, x;) =0. (2.24)
i=1 Hip 6=l

However, since Py C P, we have ), v; = 0, so that the equality above holds if and only if v = 0,
proving that Iy is a linear isomorphism. Finally, since PL has rank [ as X contains a unisolvent
set, we obtain dimQyp = n —[. Consequently, dim Hx p(X) = n. From [AB09, Lemma 5.1, 5.2],
this proves that Lx is a linear isomorphism. As an additional corollary of the isomorphism Iy, there
exists a unique couple (yx(Y),ax(Y)) € Qxp x R! such that Equation (2.21) is satisfied , given
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values Y = (y1,...,yn) € RY. Consequently, the semi-metric g ,p,x is well-defined, and we get the
equivalence:

grpx(Y,Y) =0 vx(Y) =0« Jax(Y) € R such that Y = Pxax(Y). (2.25)

O

This provides a way to induce a non-degenerate metric on R", although other choices are possible:
Corollary 2.14. With the previous notations, if A > 0 the formula:

I e x A (YY) = x (V) Kxyx (V) + Aax (V)" P Pxax(Y) (2.26)
defines a metric on R™.

When interpolating velocity fields, extending this choice by tensorization to a metric on RV*9,
using the same A for each dimension, ensures rotation invariance. Additionally, it naturally identifies
the space of translations with Euclidean space, yielding an isotropic metric on P that better preserves
geometric structure.

2.3. Regularity and embeddings. In order to characterize the regularity of these spaces, let us
introduce the Sobolev spaces, which are defined, for any s € R, as:

H*® = {v eSS ||vlls < oo} , (2.27)
where &’ is the space of tempered distributions, || - || is the classical Sobolev norm, defined via
ol = [+ I6)° o) P (2.28)

Now, the classical Sobolev embedding theorem states [AF03]:
Theorem 2.15. Let s > d/2. Then

H® < C°, (2.29)
where C° is the space of continuous functions endowed with the uniform norm || - ||oo. Moreover, there
exists A > 0 such that

H — C0. (2.30)
where COX is the set of Hélder continuous functions equipped with the norm || - |x.0o = || * lloo + | |x,

and | - |5 is the Holder semi-norm.

Now, following [AST04], let us define the space

H® = {UGS’

v]s < 00} ; (2.31)
where S’ is the set of tempered distributions on R?, and | - |5 is the Sobolev semi-norm, defined as
o= [ lePlo)Pas. (2.32)

The L? Beppo-Levi spaces are defined as

XS = {v €D |Va e N |a| =m,0% € HS} , (2.33)
endowed with the semi-norm: 1o
(O ms = | > 10%0]? : (2.34)
Now, let us suppose the following condition on I;L‘ZEWN* and s > 0:
—m+g<s<g. (2.35)

Then the following embedding theorem is valid [AST04, Sec. I-2]:
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Theorem 2.16. Let us suppose that (2.35) holds.
o Let E C R? be a finite subset, and define

1/2
vl Em,s = (Z [o(w)[? + Ivlfn,s> : (2.36)

weE
Then, if E is a Pp—_1-unisolvent set, || - || g.m,s defines a Hilbertian norm on X™?°, whose
topology is independent of E. Moreover, we have the continuous embedding:

XS ey 0 (2.37)

o Let Q be an open subset of R with Lipschitz boundary. Then the operator Rq of restriction
to Q is linear and continuous from X™* to H™T5(Q).

The following corollary allows for a different parametrization of a Hilbertian norm on X""* when
m = 1:

Corollary 2.17 (Parametrization through the mean on a design set). Suppose that (2.35) holds, with
m = 1. Let X be a non-empty finite subset of n points in R?, and define

9 1/2
1
[vllsxm.s = { |~ > w@) |+ vl : (2.38)
rzeX
Then || - |lsx,m,s defines a Hilbertian norm on X™*, whose topology is independent of X. Moreover,
it is equivalent to || - ||{w},m,s from Theorem 2.16, for any w € R?, so that the continuous embedding

X5y CO still holds with the norm || - ||sx.m.s-

Proof. Let w € R?. Then the set {w} is Pp-unisolvent, so that we can apply Theorem 2.16. This
means there exists C,, > 0 so that, for all z € X:

|’U(£C)| < Cw”””{w},m,sv (239)
so that
I sxm,s < L+ CDY2I - llgepm,s (2.40)
Now let us prove that (X, |- ||sx,m,s) is a Banach space. Let u; be a Cauchy sequence in this space.
Then:
Ja e X™° lim|u; — @lm,s =0, (2.41)
J
1
dn e R, lim — i(x) =n. 2.42
neERlim = us(z) =1 (2.42)
reX
Moreover, there exists A € R so that
1
= alz)+A=n. (2.43)
" reX
This proves that u; converges to @+ A with respect to the || - ||sx,m,s norm, proving (X™*°, |- |lsx,m,s)

is a Banach space. We can apply the Banach Isomorphism Theorem [Bre99, p. I1.6] to obtain the
equivalence of the two norms. The rest of the statement is a simple application of Theorem 2.16. [J

Now, let us define:

Definition 2.18 ((m, s) splines kernels). Let m, s satisfying (2.35), and denote v := 2m + 2s —d. The
associated (m, s) spline kernel is defined as

<_1)(U]|‘T|2ya V¢N*7
Gm.s = 2.44
(@) { (=1 *z|? log|z|, v € N*. ( )

From [Wen04, Th 10.43] and [AST04, Sec. II], we obtain the following characterization :
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Theorem 2.19. Let m,s satisfying (2.35), and define Py,—1 the space of d-variate polynomials of
degree at most m — 1. Then the kernel Gy, s is Pm—_1-CPD. Moreover, the associated semi-Hilbert
space is a Beppo-Levi space, given by:

HGm,s,Pm_l =P_1 D meYS?pm_l = X%, (2.45)

Furthermore, X" being endowed with the semi-Hilbert norm |- |, s, the semi-inner products of these
spaces are the same, in the sense that, for all f € X™*:

|Vm,s = |U|Hcm,s,pm_1 . (2.46)

2.4. A few possible choices for the Energy-Distance kernel. The Energy-Distance kernel z —
—|x| corresponds to an (m,s) spline kernel, when 2m + 2s —d = 1. This leads to several possible
choices.

2.4.1. The Energy-Distance as a pseudo-polynomial spline. Choosing m =1 and s = %, the kernel
G, i is referred to as a pseudo-polynomial [AST04, Sec 11-3] or multiquadric [Har90] spline. We can
apply Proposition 2.13, with P = Py. The null space of the semi-metric gx p x is a one-dimensional
set, equal to R1ly, where 1y = (1,...,1) € RY. In the context of velocity field interpolation, this
corresponds to imposing no penalty on translations. Specifically, translations are the null-space of the
tensorized semi-metric.

2.4.2. Affine transformation invariance. Choosing m = 2 and s = % leads to P = P; and applying

Proposition 2.13, this time the null space of the associated metric gx p x is exactly the set of vectors
Yo = (f(xi) 4 b)icp,n], where f: R? — R is a linear form and b € R. In the context of velocity field
interpolation, this corresponds to imposing no penalty on affine deformations, which are the null-space
of the tensorized semi-metric.

2.4.3. The Energy-Distance as a Thin-Plate Spline kernel (TPS). The TPS kernels [Boo89; CY01] are
defined as (m, s) spline kernels for s = 0. Choosing m = 4L if d is odd, condition (2.35) is verified,
and all the embedding theorems above are true. Applying Proposition 2.13 with P = P,,_1, the set
{Pxa,a € R™} is the null space of the induced semi-metric gx p x. As in this paragraph P = 7%2;1,
for d > 2, this space contains, for example, all the vectors that can be written as Yy = (f () +0)ie[1,n7s
where f:R%+— R is a linear form and b € R. However, it contains many more if d > 5.

3. BI-L1PSCHITZ HOMEOMORPHIC MATCHING USING THE ENERGY-DISTANCE KERNEL.

We now show that regularization is necessary to obtain invertible and regular maps by proving
that the so-called Landmark space endowed with the Energy distance kernel as the co-metric is not a
complete Riemannian space. In other words, by solving the standard matching problem with the ED
kernel, one can obtain non-invertible solutions of the variational problem.

3.1. The variational problem on points. In this section, we study the variational problem on the
space of landmarks (i.e. n distinct points), without any regularization on the vector field other than
the norm induced by the kernel. Specifically, we aim to match n distinct points (x;)i=1,..n € R4
with n distinct target points (y;)i=1,...n € R¢. The displacement is modeled through velocity fields vy,
which are regularized through a norm || |v,, .. Here, ||-||y,, . is any of the equivalent norms defined in
Theorem 2.16, or in Corollary 2.17 if m = 1. We assume that condition (2.35) is satisfied, and denote
by Vin,s the corresponding Beppo-Levi space endowed with the norm | - ||y, ..

Lemma 3.1 (Existence of trajectories). Let v € L*([0,1], Vin,s). Then, there exists a solution to the
equation

L) = wilaa(t) (3.1)
with the initial condition xz;(t) = x;.

Proof. This is a simple application of the Caratheodory existence theorem. Indeed, the space V,, , is
continuously embedded in (C°, || - [|o) by Theorem 2.16 or Corollary 2.17. O
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Remark 3.2. The trajectories are not necessarily unique for general v, as illustrated in [AC14].
However, they are uniformly continuous in time:

Proposition 3.3. Let x; be a solution to Equation (3.1). Then t € [0,1] — x;(t) is 1/2-Hélder
continuous.

Proof. First, let us remark that any solution to Equation (3.1) verifies, for all ¢ > 0:

t
z;(t) = z;(0) +/ vs(x;(s))ds . (3.2)
0
This proves, using the Cauchy-Schwartz inequality and the continuous embedding V,, s < C°:

|2:(t) — 2i(s)] < Crn sV [t = sV Lo (0,1, ) - (3.3)

for a constant Cp, s > 0. O

Now, we study the following problem:

1
. 2
dt 3.4
veL?(lﬁ)l,lf}l,vm,s>/0 [vellv,,, .dt, (3.4)

under the constraint that ¢(t = 1,2;) = y; for (x;)i=1,..n € R?, n distinct points as well as
(Yi)i=1,..n € RL

Proposition 3.4. There exist solutions to the variational problem (3.4).

Proof. Let v* be a minimizing sequence for Problem (3.4). We can assume that [|v*[|12(0,1,v;, ) i
uniformly bounded in &, and by applying Proposition (3.3), they are uniformly continuous. We can
apply the Arzela-Ascoli Theorem, proving the existence of a limit velocity v>° that is a solution to the
matching problem (3.4). Now, passing to the limit in (3.2), the limiting curves z° are solutions to
the ODE equation associated with v>°. Moreover, by uniform convergence, x7° = y;. Finally, v has
minimal || - || £2([0,1],;,..) norm by lower semi-continuity. O

Remark 3.5. Due to the non-uniqueness of solutions to the ODE, it may be possible to find non-
diffeomorphic solutions. In other words, from n distinct points, fewer points can be obtained during the
evolution after a local collpase. Indeed, the non-uniqueness of solutions enables branching trajectories.

While the space Vi, s is infinite dimensional, the solutions to Problem (3.4) are sparse, in the
following sense:

Proposition 3.6 (Moment representation). Let v € L?([0,1],V;,.5) be a solution to Problem (3.4),
and denote X; = (z;(t),1 <1 < n). Let us denote G, s as the corresponding (m, s)-spline kernel from
Definition 2.18. Then, v has the following form:

vr(x) = D 7i(t)Gom,s (@ — 2i(1)) + pi(x). (3.5)
i=1
where py € Ppy_1 at all times and ;(t) € RY for all i verifies the constraint:
Vp € Pm—1, Z%(t)p(:vi(t)) =0. (3.6)

i=1

Proof. From Proposition 2.11, for all times ¢ > 0, the projection Sg,, . »,._,,x,(v¢) is written as in
Equation (3.5) with ~;(t) verifying the constraints (3.6), interpolates v; on Xy, and verifies

‘SG'rn,syP'nL—lth (Ut)lm,s < |Ut|m,87

with equality if and only if v; = Sg,, . P,._.,x,(v¢). This completes the proof. O
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Example 3.7 (Two particles case). Let us illustrate through a simple but instructive example the
non-completeness of the landmark manifold endowed with this metric. In dimension 2, we consider the
Energy-Distance kernel as a (1, %)—spline (see 2.4.1). We denote V the associated Beppo-Levi space.
Let 4 = (370,0) and z_ = (—3r¢,0) be two points in R%. We consider the target points 25 = (3¢, 0)
and 2° = (—1¢,0), where ro > & > 0. Let us suppose that there exists v € L2([0,1],V) solution to
the corresponding minimal energy matching problem (3.4). Thanks to the symmetries of the problem,
the constant translation part of the optimal velocity field is zero, and the optimal moments belong in
R(1,0). This means that the flow only depends on a time-continuous moment ¢ — +; € R, in the sense
that the optimal velocity field v; has the following form on R?:

vt €10,1],z € R?, 3y, € R|vy(x) = (%) (e —zp (@) — |z —2_(t)]) . (3.7)

Denoting 7, == |z (t) — 2_(t)], the energy at time ¢ is given by:
[vell§ = vire - (3.8)

Through a simple reparametrization argument [Gla05, Lemme 6], the optimal velocity fields are such
that t — ||v¢]|? is constant in time, equal to A :== 73rg. Let us suppose for now that ¢ — ~; and t — 7y
are smooth functions on (0, 1), strictly positive with non-zero derivatives. Then, as

x4 (t) = x4 — fot YsTsd$ (3.9)
r_()=x_+ fot VsTsds '

we get:
t
re =1 — 2/ YsTsd$ (3.10)
0
so that:
Ty = =2y . (3.11)
Moreover, the following conservation equation is verified:
Vit + 2rey =0, (3.12)

so that the final differential equations read:
: 2
Yt =Vt s
3.13
{’ﬁt—2\/X‘/T’t. ( )

The first equation is a well-known diverging equation, whose solution with initial conditions 7y exists
on the open time interval [0, X), and is written as:

Yo
7o
= . 3.14
TVt 1— ot ( )
The corresponding 74, thanks to the constant value of ||v¢ |3, is given by:
re =ro(l —0t)?. (3.15)

Choosing v9 =1 — ,/ % solves the matching problem, and justifies all the computations above. The

2
final matching energy to match (x4, z_) with (25,22 ) is then equal to A\, . = (1 - /%) ro. Let us

make a few remarks. First, A, . has a limit as ¢ — 0+, equal to r¢. This proves that the landmark

manifold is not complete for this metric: there exists a sequence v € L?([0,1],V) with uniformly

bounded energy such that lim z"(1) = lim 2" (1) = 0. Due to the non-uniqueness of solutions to
n—oo n—oo

the flow, there exists a solution to the matching Problem (3.4) under the constraints z, (1) = z_ and
x_(1) = x4, even in dimension one. Indeed, the two points can collapse at 0 in finite time. Then, by
reversing the solution in time, one can exchange the position of the two particles.
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However, this situation is specific to this configuration, as a small perturbation in the positions
induces a smooth path. Below is an illustration of the deformation generated on R2, and of a matching
between the perturbed landmarks (z4 + (9),z— — (2)) and (z_ + (9), 24 — (2)), where e = 1073.

€ £ £

FIGURE 1. Obtained deformation map while matching two particles to 0 (left), and
between the landmarks (z4 + (2),z_ — (2)) and (z— + (2),24 — (2)) (right).

€

In summary, achieving homeomorphisms for the landmark problem requires regularization. We will
examine a potential regularization approach in the following section.

3.2. Total variation and regularity. In this section, we show that a bound on the total variation
of the dual of the velocity field is sufficient to ensure Lipschitz regularity in the case of the ED kernel.
Hereafter, K denotes the Energy-Distance kernel, and V,, s is the corresponding Beppo-Levi space (see
subsection 2.4). In Example 3.7, v; is given by v; = K % I'y, where T'; is the zero sum vector-valued
measure defined by:

I, = Gf) (0s_ () = 0urt) - (3.16)

When matching (x4, 7_) to (02,02), the total variation map t — ||y is not in L1([0,1]). However,
a regularity result can be obtained if we have such a bound on the total variation:

Proposition 3.8 (Lipschitz regularity under T'V control). Let t — v; be a time-dependent velocity
field written as:

Ve = K Ft, (317)
where K is the Energy-Distance kernel and I'y is a measure in Mp,_ | such that:
1
/ IT¢|rvdt < 4o00. (3.18)
0

Then vy is Lipschitz for almost every t € [0,1] and there exists a bi-Lipschitz homeomorphism curve
t — Yy such that Uy is the unique solution to the flow equation

Oty = vy 0y
Yo =1d.

Proof. Since I'y € L'([0,1],| - |7v), the quantity |T;|7v is bounded for almost every ¢ € [0, 1]. Thus,
for any x,y € R? and almost every ¢, we have:

ve(2) —vi(y)] = ‘/(ISUZI — ly — z[)dl«(2) (3.20)

(3.19)
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< /Ia: —yld|T¢|rv(2) (3.21)
lve(z) —ve(y)| < [Telrv ]z —yl. (3.22)

This shows that v, is Lipschitz for almost every ¢ € [0, 1], with a Lipschitz constant such that:

1
/ Lip(vy)dt < +00. (3.23)
0

Under these conditions, the existence of the flow ¢y for all ¢t € [0,1] is well known, applying the
Cauchy-Lipschitz theorem [AC14]. We can prove that this map is also Lipschitz. Indeed, if z,y € R,
then:

t
(@) = )] = o=y + [ 0a(0u(@) 0 (ulo))ds (3:21)
0
t
<z —yl +/ vs (¥s () — vs(¢s(y))lds (3.25)
0
t
the(x) — ¥e(y)| < |z =yl +/ sl [vhs(z) — ¥s(y)lds, (3.26)
0
so that a simple application of the Gronwall Lemma yields:
t
() = ut)] < o = ylexp ([ Tulrvds) (3.27)
0
Finally, defining the inverse flow 1~! by:
O ) = —vigouyt, (3.28)
we can apply the same analysis, proving that 1), is a bi-Lipschitz homeomorphism. O

Example 3.7 above shows that the MMD functional I' € Mp, — (I', K «I') € R is not coercive
(in general) with respect to the total variation norm. However, in the case of a sum of distinct Dirac
masses, a bound on the TV norm can be obtained that depends on the minimal distance between
points.

Proposition 3.9. Let 0,7 > 0, and let By, be the closed ball of radius or centered at 0 in R?. Consider
the subspace of Mp,, ,(Byr) defined as:

Mp,, g (Bor) = { Z'Yz(s € Mp,,_,(Bor)

=1

m1n|xl —z;| > 7“} . (3.29)

Then, there exists Ao > 0 such that, for allT' € Mp, | »(Bsr) we have:

Tlrv < A \f Tl (3:30)

Proof. Let us denote Ly, = { X = (21,...,2,) € (RY)" ’H;inm — x| > r}. First, remark that if
i#j

where ||T||x = (T, K xT').

I' e Mp,, ., nr(Bsr), then the scaled measure dy4I', where dy : © — Az, belongs to Mp, | »ar(Baor)-
Next, define Kx the matrix with entries K (z; — ;) and consider the linear space:

Cx—{’Y—(’yl,...,’yN)ERn

Vp € Pm-1, > yip(w:) = 0} : (3.31)

i=1
Since the application v € Cx NS,—1 — (v, Kx7) € R is continuous and takes strictly positive values,
since C'x N'S,,_1 is compact, there exists px > 0 such that:

Yy € Cx, px |13 < (7, Kx) (3.32)
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where | - |2 denotes the Euclidean distance in R™. This proves:

1
Vv € Cx, |y]2 < ,/p—X\/W,KXu). (3.33)

Now, for o,r > 0, define the set:
S(r,0) ==Ly, N (Bs)". (3.34)

The mapping p : X — px is continuous on S§(r, o), which is a compact set. Therefore, there exists
pr(A) > 0 such that for all X € S(r,0), pr(0) < px. Now, let us prove, given o > 0, that r — p,(0) is
1-homogeneous. From the equalities, for r > 0: S(r,0) = rS(1,0) and K, x = rKx for any collection
of distinct points X, we get the equivalences:

VX € 8(1,0),¥v € Cx, p1(o)|7]5 < (v, Kx7) (3.35)
& VX €S8(1,0),¥y € Crx, pi(o)y]3 < %(%erw (3.36)
S VY €8(r,0),Vy € Cy,rp1(R)|y|3 < (v, Ky7). (3.37)
Thus, for any X € L, » N (Byy)" = S(r,0) and v € Cx, we have:
rp1(o) V3 < (v, Kx7).- (3.38)
Now, denoting A\, == p1(c)~'/2, we get:

1
VX S Ln,r N (Bar)nav’-y S CX; |7|2 S )\o'\/;\/ <’77KX’7> . (339)

The result follows from the fact that for any I' € Mp,, | »r(Bor), there exists X = (z1,...,2,) €
Ly, N (Byy)™ and v € Cx such that: ' = " | 4;8,, , and by remarking that |U|ry = >0, || <

Vnlyl2 and [T = /{7y, Kx7)- O

Remark 3.10. Note that this result immediately generalizes to vector-valued measures. If I' is written
as: I' = Z?:l Vibz, , where v; = (Yi1,...,%id) € R9 for all 1 < i < n, then:

n
Clrv =)

i=1

d d
n
BILTTEPHTEND SINCeHE (3.40
k=1

k=1

Example 3.11. In the limit ¢ — 0 in Example 3.7, the solution moment measure I'; satisfies |T¢|7y =

= and ||[T¢|[x = 7o for all times ¢ € [0,1). Additionally, the distance between the two particles
at time 0 < ¢t < 1 is given by r, = 79(1 — t)?, so that T; is in the measure set Mp, 2., (By,) =

Mop, 2r0(1—1)2(Bro1—1)2). Applying Proposition 3.9 to I'; provides

2 V2N

/,1 - )
ro(I—1)2 % 1—t

Telry <M (3.41)

corresponding with the computations, so that the estimate (3.30) seems sharp.

3.3. Two different regularizations ensuring bi-Lipschitz homeomorphisms. To define models
that guarantee bi-Lipschitz homeomorphisms, we propose two different approaches, which both lead
to a control on the TV norm of I'. The first model consists in directly adding the total variation in
the formulation. This model can be applied to any type of data, such as clouds of points, measures,
etc... The second model is tailored to probability measures and is easier to solve numerically.
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3.3.1. TV regularization on the dual space. Let us define the measure space:
Borv = {T' € M3(Q) |||y < +oo} . (3.42)

Similarly, we define By without the total mass constraint. Here, the total variation norm |- |7y is
defined through the duality with (C°(Q),]| - ||s) the space of bounded continuous function on  C R9,
a compact bounded domain. In this section, we consider the energy:

1
EP T e L*([0,1), Brv) — L(r(1) 4o, v) + ﬂ/ T |2 dt (3.43)
0

where 9r(1) is the flow at time 1 defined by ¥r(0) = Id and 9;¢,, = v; 0 ¢, with v, = K x ;. The
goal of this subsection is to prove, provided that the loss £ is lower semi-continuous for the weak-*
topology, the following existence result:

Theorem 3.12. The matching problem

1
0 P (0) = £lur(1 Ly [y dt 3.44
reL?([00).Brv) (v) = L{¥r( )#HOvV)+ﬂA Cel7v (3.44)

admits a solution in L*([0, 1], Brv). Moreover, the matching solution v (1) is bi-Lipschitz homeomor-
phism.

First, let us state a few facts:
Proposition 3.13. Bounded balls in Bry are compact for the weak-* topology.

Proof. Since |- |rv < %H - |lBsy » bounded balls in Bry are bounded for the total variation norm, so
that they are compact for the weak-* topology by the Banach-Alaoglu theorem. 0

Next, the space L%([0,1], (M&(Q),| - |rv)) is defined through the duality with L2([0,1], (C°(€2), || -
lloo)). We still refer to the induced topology as the weak-* topology, and we get the result:

Proposition 3.14. Bounded balls in L*([0,1], (M%(Q), |- |5, ) are compact for the weak-* topology.
Proof. Same proof as above. O
Proposition 3.15. The map p € M() — {(u, K % u) is continuous for the weak-* topology.

Proof. If Q is compact, then K x u is bounded by |u|ry diam(€2) for any pu. The identity (u, K % p) —

W, Kxv)y={u—v,Kx(u—v))+2{(v, K *x(u—v)), combined with the Cauchy-Schwarz inequality,

proves the result. O
Let us consider the flow application

LQ([O7 1], Bry) — CO(Q, Rd)

W(1) : . IS (3.45)

Proposition 3.16. The application (1) is continuous from L2([0,1], Bry) to (CO(Q,RY), || - ||o0)-
Proof. Let (I'y) € L?([0,1], Brv )N such that T, i I for the Bry topology. Denote ¢ and 1), the
— 00

associated flows, corresponding to velocity fields v¥ and v,. These flows exist by Proposition 3.8, as
|- lrv < 5l - I8y - Let @ € Q. Then:

[0t () — ()| = ‘/0 vl (3 (2) = vs(vs(2))ds (3.46)

K k k k K k
< / [E (6 (2)) — 0 (bal))ds + / o (a(a) — va(u(@))ds| . (3.47)

For the first term:

[ 1kt @) — ok u@nlds < [ Lip(oh)jut @) -~ va(o)lds (349
0 0
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<

t
nwf-—¢gnm341nr§nBTvds. (3.49)

| =

For the second term, we define
t
m,(T) ::/ K *vs(s(z))ds . (3.50)
0

which is a continuous linear application from Bry to R%. From estimates (3.27), the family {m,;z € Q}
is equicontinuous. Using the Arzela-Ascoli theorem, this ensures uniform convergence, in the sense

lim Ay = sup |mg(v) — mm(vk)| =0. (3.51)
k—o0 zEQ
We get
Lok "k
wbwwmsa+5wfwwwlnnmw& (3.52)
Thus, an application of Gronwall’s Lemma ends the proof. 0

Then, Theorem 3.12 is a direct corollary of this proposition and Proposition 3.14.

Representation theorem. The regularization with the TV norm promotes sparse solutions to
the variational problem. In this case, a Representer Theorem similar to 2.12 can be established:
certain solutions to the corresponding minimization problem can be expressed as linear combinations
of extremal points of the unit ball (see [Boy+18; BC19]). First, let us consider a soft interpolation
problem:

Proposition 3.17. Let Q be a bounded subset of R and X = (x1,...,2,) € ()" be a tuple of n
distinct points in RY. Given values Y = (y1,...,yn), consider the problem

n

inf K« D(z;) + plx;) — yil? + 3.53
B, 2 X D) £ 0(w) =yl + ey (3.53)

admits a sparse solution, i.e. I' can be written as
m
I'=> a6, (3.54)
j=1

where m < Nd+d, z; € Q for all j and ZT:l a; = 0.

Proof of Proposition 3.17. Consider an extension, denoted K of the map K Mgy — C°(X) defined
by u — K % u to the space of measures Pry. Then, we apply [BC19, Theorem 3.3]. The function
z,p € V"X Py = >, |zi+p(x;)—yi|? is coercive, convex, and Ls.c for the usual topology in the Euclidean
space. Moreover, the operator A : v,p € M x (R?)" x Py > (K xD(2;) + p(2;),1 < i < n) € (RY)"
is a linear, continuous and surjective. In addition, we add the constraint p(Q2) = 0 € R, By [BC19,

pp. 4.1, 3], there exists a solution which is a linear combination of nd + d Dirac masses (the extremal
points of the TV ball of M(Q2,R9)). O

For more details on sparse representation theorems, see [BC19, pp. 4.1, 3] and [Boy+18].

Remark 3.18 (About the proof). To directly apply the result from [BC19], the extremal points of
the ball of Mg(£2, R%) need to be characterized. These extremal points are sums of at most d+ 1 Dirac
masses, as shown in the Appendix. However, this approach would give an Nd(d 4 1) upper bound
on the number of Dirac masses. Thus, a more effective approach is to incorporate the total volume
constraint directly into the functional.

Remark 3.19. The above result does not provide information about the localization of the Dirac
masses 0,,. Recall that the RKHS representation result guarantees N Dirac masses for an optimal
solution, which stands in sharp contrast with the result we have (N +1)d. However, this bound is only
an upper estimate, and it remains unclear whether it is tight.
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3.3.2. L? regularization on the momentum. In this section, we combine the regularity properties of
the previous model with the simpler representation of the model from Section 3.1. Specifically, let
p € P(Q), where € is a bounded domain. If v € L?(u, R?), then the measure I' := ypu is finite.

Lemma 3.20. Let pu € P(Q), where Q is a bounded domain, and let v € L*(u, R?). Define T = ypu.
Then, the quantity (T') K « ') is well-defined. Furthermore, the function K xT is also in L*(u,R%),
with the inequalities:

| K % D[ 2 () < diam(Q)[|Y] 22 - (3.55)
ITlrv < vllL2(u) - (3.56)

Proof. Since  is a bounded domain, the Energy-Distance kernel is bounded by diam(f2) on the support
of p. This proves that ||[K % I'||g2(,) < diam(Q)|y]|z2(,) and (I, K xT) < diam(Q)||fy||2L2(u). For the
second part, we apply the Cauchy-Schwarz inequality:

1/2
Py = [ hidu< ( / |v|2du) — e - (3.57)
O

Now, if p1. is an absolutely continuous measure curve [AGS05, Sec I.1] in AC?([0, 1], P(2)), we define
the p. dependant function space:

1
L0101 Zue) = (53 30 € L) | [ Il de < +oc}. (3.58)
0

Define the vector-valued measure curve I' : ¢ — I’y '= y;p¢, and the associated velocity v, .= K x T’y €
L?(u4). Then, the system

Oupie + V- (vgpee) =0,
vy = K xT'y,

Ty = yepe

Ve € L (),

where the first equation holds in the sense of distributions [AGS05, Chap. 8], is well defined, and admits
solutions (u¢,7:) € AC%([0,1],P(2)) x L?([0,1], L?(p¢)). Now, we define the matching problem:

(3.59)

1 1
inf FEMp, ) = L(p1,v +/ Iy, K+T dt+/ 2 e, adt, 3.60
iy oI M) = L) | (T K x T+ |l (3.60)

where (u,7) € AC?([0,1], P(2)) x L2([0,1], L?()) is a solution to the system 3.59, y; is the measure
iy at time 1, and K is the Energy-Distance kernel. Here, v is a reference target measure, and L is any
weakly-continuous loss between p; and v (see Example 1.10). Let us start with the following lemma,
which allows to control the growth of the support of u; over time:

Lemma 3.21 (Support growth bound). Let (u,7y) be a solution to the system (3.59). Let us suppose
that supp(uo) is bounded, and that:

1
/ 172y dt < C, (3.61)
0
for some positive constant C. Then, for all t € [0,1]:
t 1/2
diam(supp p¢) < diam(supp pg) exp <</ ||p||%2(m)dt> ) . (3.62)
0
Proof. For almost every t € (0,1), for u;-almost any x, we have:
vt ()] < diam(supp pe)[|pll 22 ) » (3.63)
so that J
— diam(supp j¢) < diam(supp p¢) ||l 22 () - (3.64)

dt
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Using Gronwall’s Lemma and the Cauchy-Schwarz inequality, we obtain

t
diam(supp p¢) < diam(supp po) exp (/ |p||Lz(m)dt> (3.65)
0
t 1/2
< diam(supp 1) exp <</ ||P||%2(M)dt> ) : (3.66)
0
0

The following result completely characterizes solutions to the system (3.59) in the case of atomic
initial measures with finite E* energy, and provides a straightforward parametrization of the flow.

Proposition 3.22 (L? parametrization). Let X = (z1,...,zn) € (RY)", p e L2 ([0,1], (RY)"). Then,
there exists an absolutely continuous measure curve p written as

n 1
Mt = Z Eéxi(t) ) (3.67)
i=1

such that, defining v, € L*(1t) : zi(t) = pt, (i) is a solution to the system (3.59) and such that the
x;(t) are distinct at all times. Furthermore, provided initial distinct points X = (x1,...,2,) € (Rd)n,
the application

pe L? ([o, 1], (Rd)”) s 1 € P(RY) (3.68)
is weakly continuous for all t € [0,1], and the support of p; is uniformly bounded in time. Conversely,
if pe is an absolutely continuous curve written as in (3.67), where the points are distinct at all times,

with support contained in a uniform compact set Q, then there exists p € L? ([0, 1], (Rd)n) such that
e = 1(p) as constructed in the previous statement.

Proof. Let p1 be a probability measure with finite support (21, ...,2,) and p : x; — p; € L?(u1). Define
the velocity fields v = K % (pu). Then, v is Lipschitz, with a Lipschitz constant bounded by [|p|[z2(,),
which is independent from the support of x. This ensures, by the Cauchy-Lipschitz Theorem, that the
Lagrangian equations

{:@-(t) = vy (4()) , for 1<i<n, (3.69)

have a unique solution (¢ € [0, 1] — z;(t),1 <i <n). Denote

“ 1
Mt = E 55%(1‘,). (3.70)
i=1

From Lemma 3.21, the support of p; is uniformly bounded in time. Using Proposition 3.8, there exists
a bi-Lipschitz homeomorphism curve ¢ € [0,1] — 1, such that 1, is the unique solution of the flow
equation

{ Ophy = vy 0 Yy (3.71)

wo =1d.
Applying estimate (3.27) applied to ;' (z) and v; *(y) provides, for all z € R%:
1 1
) = )] = b = sloxw (= [ Wl = bo = vlexo (= [ pligpat) . 72
0 0

Furthermore, since the homeomorphism 1, satisfies, at all times:

zi(t) = Pu(i), (3.73)
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the points (z;(t), 1 <i < n) are distinct at all times, with a uniform bound from below of the minimal
distance between points. For the last statement, remark that the ODE system (3.69) implies that, for
all 1 <4 <n:

1 n
zi(t) = +/0 > pisK(wi(s) — x;(s)) ds, (3.74)
=1

which is a weakly continuous application in p for the L?([0, 1]) topology.
For the converse part of the proposition, let u; € AC?([0,1],P(2)). Then, from [AGS05, Theorem
8.3.1], there exists a Borel velocity field vy € L?(u;, R?) such that the continuity equation

Opr + V- (vepe) =0 (3.75)

holds in the sense of distribution. This amounts to the existence, for almost all times ¢ € [0, 1], of a
velocity vy ; € R? such that

J?z(t) = Ut - (376)
Let us denote X (t) = (21(t),...,2,(t)) and Ky the matrix with general entries —|x;(t) — x;(t)|.
By Proposition 2.13, for almost all ¢, there exists a unique couple (p;, o) € (R?)" x R? such that
> ;Pti = 04 and such that, for all 1 <i < n:

v = (Kx)pe)i + ae - (3.77)

Define .
Li(p) = Zpt,ida;i(t) . (3.78)

i=1

Since the trajectories z;(t) are distinct at all times, there exists r,o > 0 such that I'y € Mp,, | ».r(Bor)
at all times. This proves, using estimate (3.39) from Proposition 3.9 with the same A\, > 0, that:

A2
pel3 < 7|KX(t)pt|§- (3.79)

As fol |K x (1ype|*dt = fol |ve|?dpy < +00, this proves that ¢ — p; is in L2 ([0, 1], (R?)"), concluding the
proof. O

This property allows for a reparametrization of the matching problem (3.60) by the set L? ([0, 1], (Rd) n)
in the case of n landmarks. We consider the following problem:

1 1
inf EMNp) = L1, / Ty, K «Ty)dt / 2dt | 3.80
p€L2([[§g]’(Rd)n) (p) (Hl V)+ o < t * t> + ; |pt| ( )
where
"1
=2 50 3.81
Ho z;” s ( )

the z; are all distinct, u; is the (unique) absolutely continuous curve provided by Proposition 3.22,

Iy = Zpt,i(swi(t) ; (3.82)
i=1

and L is a general loss. We are able to prove the following result:

Theorem 3.23. Suppose that L is a lower semicontinuous loss. Then, there exist solutions to the
variational problem (3.80).

Proof. The level sets {p e L% ([0,1], (RY)") | fol Ipe|?dt < C} are weakly compact, and p — E*(p) is
weakly l.s.c. by Proposition 3.22 and the hypothesis on £. This proves the result. O
We can prove the existence of minimizers to Problem (3.60) for very general initial measures:

Theorem 3.24. Let L be a lower semicontninuous loss. Then, there exists a solution to the variational
problem (3.60).
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Proof. First, note that if v € L2([0,1], L?(i¢)), then the moment measure I'; := v;p; is well defined
for almost all times, and satisfies:

1 1
3 dI’
E/\('LL”Y):E)\(/%F) = £(H17V)+/ <Ft,K*Ft>dt+/ /‘ t
0 0 dpg

Let (4*,+*) be a minimizing sequence to problem (3.60). Note that there exists a uniform constant
C > 0 such that, for all k£ > 0:

2
dpuydt . (3.83)

1
/O WﬂiQ(#?)dt <C. (3.84)

By Lemma 3.21, the support of uf is uniformly bounded in time and in k. This proves that u* €
AC?([0,1],P(Q2)) for some compact set 2, so that there exists an accumulation point u € AC2([0,1], P(Q)).
Now, let us define, for any k > 0, the momentum measure:

T} = yug - (3.85)
Since, for any k:

1
/ IDf|rvdt < C, (3.86)
0

there exists a subsequence such that I'* weakly converges to an accumulation point I' € M([0, 1]; R?),
in the sense that for any test function f € C°([0,1] x ),

/0 /Q fedl'} e / / fedDy . (3.87)

Now, define the following velocity field:
oF = K «TF, (3.88)

which is defined for almost any ¢ on 2. The Energy-Distance kernel K is continuous, so that if
g € L*([0,1], L?*(u)) is a test function:

[ [awtante= [ o) ([ 50— parsw)) augoa (3.59)
o e ([ G- ) due (3.90)
//gtvtdutdt (3.91)

This proves that, for almost all times ¢, the sequence v converges to v; :== K xI'y in L?(p;). Moreover,
the continuity equation is weakly verified at the limit. Indeed, for any ¢ € C*°([0,1] x Q):

1 1
0= / (Orp +vf - Vipy) dpfdt - / (Do +vf - Vipy) dpfidt . (3.92)
0 0

Now, since the Lagrangian
dr
(u,T r—)/ Ty, K + Ty dt+/ /‘ ¢
dp

is convex, it is lower semi-continuous, so that by hypothesis on £ the functional E* is lower semi-
continuous. This proves:

(3.93)

FMp,T) < inf EMp, 7). 3.94
(u ) ~ (p,y) solves (3.59) (N '7) ( )

Finally, let us define

dry
d‘LLt
the Radon-Nikodym derivative of Ty by ;. Then v € L2([0,1], L?(i;)), and E*(u,T) = E*(p,7),
ending the proof. O

Ve = (3.95)
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This solution has additional structure: at all times, the measure p; is the pushforward of py through
a bi-Lipschitz homeomorphism.

Proposition 3.25. Let (i1,7) be a solution to the system (3.59) with finite E* energy. Then, there
exists a bi-Lipschitz homeomorphism curve vy such that 1y is the unique solution to the flow equation

Oy = v oy (3.96)
wo =1d. '
Furthermore, at all times t € [0, 1], we have: py = Yrapo.
Proof. This a direct consequence of Proposition 3.8 and of the inequality |I'|7y < |||l £2(.)- O

4. SLICED ENERGY DISTANCE.

In this section, we show how various interaction functionals involving the Energy-Distance can be
statistically estimated in O(nlogn) time, where n is the number of points. This almost-linear com-
plexity is a significant improvement over the O(n?) time of more naive methods, making it suitable for
large-scale applications. The approach follows the same principle as the Sliced Wasserstein distance
[Jul+11; Bon+15; Nad21]: the original metric is replaced with a sliced approximation over 1D distri-
butions. Applications of this principle to the Energy-Distance kernel build on ideas from [Her-+24],
where an efficient method for computing the gradient of the Energy-Distance loss between two sets
of n Dirac masses was established. We extend these results, computing general convolutions of the
kernel matrix with 1D atomic distributions. Specifically, the convolution of the Energy-Distance kernel
with any 1D measure composed of n Dirac masses is computable in quasi-linear time using a sorting
procedure, leveraging particularly efficient computations when the 1D points are sorted. We prove
that the convolution of atomic measures in higher dimensions can be efficiently estimated using a
tractable number of projections of the measures over 1D lines, with all the computations being easily
parallelizable.

4.1. Fast estimators. First, we establish that, in the case of sorted 1D data, the convolution can be
computed in linear time.

Proposition 4.1 (Linear time complexity for sorted data). Let g < 1 < --- < 2y € R and
Y0, ---, YN € R. Then, the quantity
n
Kxvy:= Z’yj|xi—xj|;i6[1,n] eR" (4.1)
j=0

can be computed in O(n) time complexity.
Proof. Let i € [0,n]. We rewrite the sum as follows:

n
> ilwi — ]
3=0

n

i—1
S ovilmi— )+ > vilw — ) (4.2)
=0

j=i+1

1—1 n i—1 n
A DN D I e DR L e D /L2 (4.3)
=0 =0

Jj=i+1 Jj=i+1
n
Z’Yﬂl’l — LL']'| = Q;T; — bl 5 (44)
7=0

where a; and b; are scalar terms that satisfy the recurrence relations:

{ @ ==X g { bo ==X . (4.5)

Git1 =G T %t Vi1 bit1 =bi + 7% + Vit1Tiq1
Computing ((a;,b;);4 € [0,n]) requires O(n) operations, which concludes the proof. O
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The convolution of the Energy-Distance kernel with any finite measure in R? is equal to its sliced
version.

Proposition 4.2 (Sliced Energy-Distance). Let v € M(R?) be a finite signed measure. For § € Sy_1,
define the 1D projection on the line RO via wo(x) = (x,0)0. Then, the convolution with the Energy-
Distance kernel is sliced, meaning that there exists a positive constant cq such that, for all x € R%:

Kxv(z) = cq g K * (mogy)(x)do(0) , (4.6)
and

(v, K x7) = Cd/ (mopy, K x (Togy))do(0), (4.7)

d—1
where o is the standard uniform probability measure on the sphere Sy_1, and

Cqd = d (48)

I (s)
Proof. The proof follows directly from adapting the result of [Her+24, Theorem 1] to a general finite
measure . O

We can obtain a bound on the error resulting from approximating the integral above through a
Monte-Carlo method.

Proposition 4.3 (Statistical error). Let v € M(R?) be a finite signed measure with support in a ball
of radius R, and let x € R?. Let 0y,--- ,0p be P i.i.d. random variables uniformly distributed on the
sphere Sq_1. Then, the following estimators

- C
K x(x) = dZK* (0, 47)(x), (4.9)
p=1
and -
(1K) =5 Z To, 47, K % (m,47)) (4.10)
satisfy
Eal, Op~U(Sq— 1)(HK*’Y( ) K*’Y( H < ARh/‘ \/ (4'11)
and
— d
B, .o 0pmt(sa—n) (17 K+ 7) = (1, K x 7)) < ARl "/ 5 - (4.12)

where |y| denotes the total variation of the measure 7y, for some constant A > 0.

Proof. In this proof we write E and P instead of Eg, ... gp,~11(s,_,) and Po, ... op~ri(s,_,)- Let x € R<,

First, remark that if 61,--- ,0p ~ U(Sy—1) then almost surely:
1K %2 (z) — K %2(2)]| < 2c4Rl7] (4.13)

This directly implies

E(||K xv(z) — K xy(2)[?) < 4(caRly])*. (4.14)
Now, we can apply Bernstein’s inequality to the zero-mean variables K *y(z) — K *y(z), to get:

— —1p22 3P 12
P(||K * K * >t) <2ex 2 =2exp | — .
(I3 = foa ] » (e s grm) =2 (- mommaanTe)

(4.15)
For any « > 0, integrating the inequality over ¢: Then:

N - «a 3P t?
- e > s < 5 B dt 4.16
/0 (1K xy(z) = K x ()| > t) —/0 eXp< dcgRln| 6eaRly| +a> o
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meaRR|y|(6caRR|y| + @)
<2 . 4.17
- \/ 3P (4.17)
Furthermore, we can get the bound:
/OOIP(HKT\() K x+( )H>t)dt</002 ( S e )dt (4.18)
x) — T exp | — .
o K K - ~Ja P deqgR|y| 6cqR|Y| + t
o 3Pt 6cqgR
g/ 2 exp (— (1—‘W>>dt (4.19)
@ 4cdRh/| t
9P\ 4cqR|| 3Pa
=2 — | — - . 4.20
¢ p( 2 ) sp P 4cqaR|| (420)
Choosing o = 7cqR|7y| for example ensures the existence of a constant A such that:
— Cd
B(|K (@) - K *(a)l) < ARR| 5. (1.21)

a+1
As Fég) behaves asymptotically as O(v/d), we get the estimate (4.11). The second estimate (4.12)
2

is obtained by integrating the first estimate over -. O

Below is an illustration of the previous results. We consider an atomic measure u with support on
a set of distinct points X = (x1,...,zx) € (R?)Y, with associated moment ; in R? at each point. We
compute the vector (K xyu(x;),1 <iN), and compare it with its sliced approximations.

Relative error against P Relative error against the dimension Computation time against N

106 — p=10; r=0508
p=50; r=051 10°
— p=250; r=0.508
2 2] % " -"”
.. e 0 e . -u"‘

«  Classical ED kernel
* p=10
p =50

— dim = 100; r = -0.496
100§ — dim =500; r=-0.5

« p=250
« p=500

10! 102 10° 10! 102 10° 102 10° 104

FIGURE 2. In the left figure, we plot the error convergence to zero in P~/2 between
the approximated vector and the ground-truth as P grows. In the middle, the error as
the dimension increases. In the right-most graph, we plot the computing time against
the number of points in dimension 5 on a standard 8-core CPU.

4.2. Use as a loss. Computing the Energy-Distance loss between two points clounds (21, ,zn) €
(Rd)N and (y1, - ,ym) € (Rd)M amounts to computing (px,v, K * px,y), where
Y1 1
= fém - 76 PN 4'22
PX,Y ; 0 ; 270 (4.22)

The previous discussion shows that (px,y, K*px y) can be estimated with an O((N + M) log(N +M))
complexity.

5. EXPERIMENTS.

To demonstrate the matching properties of the Energy-Distance kernel, we implement and evaluate
the solution to Problem (3.4) across multiple point-cloud datasets. The trajectories are parametrized
by their starting points and moment values at all times (see 3.22), and computed using a simple
Euler scheme. We have to account for the constraints needed in the case of the Energy-Distance
kernel, and parameterize the null-space of the metric explicitly. Let us define the projection matrix
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I, :=Id, — 1, where 1,, is the n x n matrix with 1 entries. If P, = (P, 1<1<d)e R™*? the

projection on the constraint set we choose is defined by:

P, = (I, Py, 1 <1< d) e R™. (5.1)
We detail the computations in the algorithm below (recall that Kx denotes the matrix with general
entries K(x;,z;) for X = (z1,...,2,)):

Algorithm 1 Regularized trajectories for a kernel K (Euler scheme).

Require: Initial data X = (21,...,2,) € R% Ty the number of time discretizations, moment
vector P = (P;,0 <t < Tyiser) € RTdiserxnxd If K is the Energy-Distance kernel, (ay,0 < t <
Tygiser) € RTaiserXd ig g parametrization of translations.

: Xtraj

2: for t = 0,...,Tgiser — 1 do

—_

3: Compute the velocity field

s (Kx,P)i + o ifKis jche ED kernel, (5.2)

' (Kx,P); otherwise.
4: Compute the positions at time ¢ + 1:
1
zi(t+1) < @i(t) + T ve(wi(t), Pr) (5.3)
discr

5. end for

6: return X (P) = (X;(P),0 <t < Tyiser) € RTaisert)xnxd

Note that the computations needed for v; (5.2) have an O(n?) time-complexity for general kernels,
but O(nlogn) time-complexity for the sliced computations of the Energy-Distance kernel. We propose
to solve the constrained optimization problem (3.4) using an Augmented Lagrangian method [BR14]
with adaptive penalty update with an inner LBFGS optimization. The algorithm operates with a
kernel K as follows:

Algorithm 2 Augmented Lagrangian registration.

Require: Initial data Xy = (21,...,2,) € RY, target data Yy = (y1,...,¥m) € R%, L(-,-) the loss
between point-clouds, Ty;se- the number of time discretizations, k4, the number of optimization
steps, € the tolerance to the loss constraint, p;n;; a parameter.

1: P <0 ¢ RTaiserxnxd,
2: A+ 0.
3: P < Pinit -
4: for k=1,...,kpnas do
5: Define the augmented Lagrangian
Taiscr
L, (X(P),P) = gﬁ(xl(p),y0)2 FALX(P),Yo) + (P, Kx,pP).  (54)
18CTr t=1

6: Compute the deformation curve X (P) = (X¢(P),1 <t < Tgiscr) using Algorithm 1. Note that
the third term of the augmented Lagrangian can be computed at the same time.

7: Update P via an LBFGS optimization step of the augmented Lagrangian £y ,(X (P), P).

8: Update A and p :

120 if L(X1(P),Yy) > ¢,

5.5
p otherwise. (5:5)

A A+ pL(X1(P),Yy) and p(—{

9: end for
10: return X (P), P.
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When implemented with the sliced approximation of the augmented Lagrangian terms, the final
algorithm achieves O(nlogn) time complexity. In the figure below, we apply this algorithm with a
tuned o Gaussian kernel and with the Energy-Distance kernel. The loss we choose is a sliced Energy-
Distance loss, with P = 1000 projections.

100

°

-125

-25 0 25 50 75 -125 -100 ~-75

-100

-100

-100 -75

50 -25 0 25

-125 -100 -75 -50 -25 0 25 50 75 -125 -100 -75 -50 -25 0 25 50 75

FiGURE 3. Registration with Gaussian kernel at the top, Energy-Distance at the
bottom. The final losses are comparable.

In the case of the Energy-Distance kernel, we observe that the resulting deformation exhibits signif-
icantly less localized behavior when compared to the Gaussian kernel. Moreover, the algorithm above
can be applied with the sliced ED approximation of the particle path. The behavior seems highly
stable, matching points with as low as 2 projections, and a convergence to the true deformation as the
number of projections grows.

25 -0 75 50 25 0 25 0 75 125 10 -75 50 25 0 25 0 75

FIGURE 4. Same

125 -0 75 50 25 0 25 50 75 125 10 75 50 25 o0 25 0 75

registration problem using the sliced computation of the kernel.

From left to right P = 2,10, 50, 500.

The algorithm successfully recovers accurate matches even for small projection numbers P. Fur-
thermore, the resulting deformations stabilize as P increases, exhibiting convergence toward the true
Energy-Distance (ED) registration. Notably, while the deformation paths may become less regular
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with fewer projections, the final registration quality remains comparable, suggesting robustness to the
choice of P. Moreover, Energy-Distance registration naturally handles translated shapes, as transla-
tions lie in the null space of the deformation metric. Our method with sliced computations scales to

FIGURE 5. Visualization of translated registration results: Energy-Distance kernel
(left) and a tuned Gaussian kernel results (right).

a large number of points. The matching accuracy is inherently limited by random sampling, which
does not uniformly weight all regions of interest of the shapes. Moreover, the current method does not
incorporate additional geometric or contextual information other than the point cloud coordinates.
The following experiment can be run in under a minute on a standard recent computer.

FIGURE 6. Registration with a sliced ED kernel and a sliced ED loss on 10000 points.
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APPENDIX A. APPENDIX

Lemma A.1. Consider the convex set Byry = {F € Mo(Q,RY)

Ty < 1}. Then, its set of

extremal points is
k

k
Ext(Bo,rv) = {Z 0i0g,,x; # (i # j) € Q s.t. (vi,...,v5—1) linearly independent and Z lv;| = 1}
i=1 i=1
(A1)

Proof. By the result of Fisher and Jerome [IFJ75], the extreme points of the solutions to min,, ||u|/7v
such that () = 0 are necessarily of the form Zle 004, with k < d and v; # 0. Suppose now that
V1,...,U_1 are not linearly independent. Then, there exists Aj,..., A\x_1 such that Zf;ll Aiv; = 0.
Introduce § = Zi:ll Aiv;i0,, and i = Zi:ll v;. Consider v; = i —ed + %vn&cn, vo =i +¢e0 + %vnézn
for € > 0. Then, by construction p = vy + v, for all € and since 6(2) = 0, v2(2) = 11 () = p(2) = 0.
For ¢ sufficiently small, we also have ||v1]|7v = Zi:ll 11— eXil|vi] + 3|ve| and |vallry = Zf:_ll 1+

eXil|vil + 3|uk|. As a consequence, = vy + 15 and ||[v1||rv + |[v2|7v = ||p|l7v, which shows that p
1
vallrv 72

We now show that the measures in Formula (A.1) are indeed extremal. Assume that one of these
measures p can be written pu =ty + (1 — t)vg where ¢ € (0,1) and vy, vo of unit TV norm. Consider

the decomposition of v} (also v5) w.r.t. g which can be written as vy = i +vi- with vi- singular w.r.t.

. Then, since u = 7 + I we get ||u| = 1 implies vi- = v = 0. Now, we have v, = Zle U0z,

cannot be an extremal point since it is a linear combination of mul and

and vy = Zle w;d,, for some vectors u;, w; such that Zle w; = Zle u; = 0 and u; + w; = v; for
i=1,...,k. The TV norm of y reads 1 = Zle lv;| < Zle(\wﬂ +|u;|) = 1 by the previous equalities.
Therefore, by the Cauchy-Schwarz inequality, necessarily w; and w; are colinear and since w; + u; = v;
they are colinear to v;. Write w; = a;v; and u; = B;v;. Then, Zle a;v; = 0 and Zle Biv; = 0. Since
the rank of (vi,...,vg) is k — 1, we get that (aq,...,ax) and (B1,..., k) are necessarily colinear to
(1,...,1). This implies that vy, v are colinear to u and it leads to v; = vy = p. g
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