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1 Introduction

The geometric shape is of major importance in object recognition. The field of
shape analysis gives a formal definition of the shape of an object, and provides
tools to compare these shapes. One way to represent objects mathematically
is to consider their contours as parametric curves or surfaces defined on some
compact domain {2 C R™. Since the same shape may be outlined by different
parametric curves that are equivalent under composition by some diffeomor-
phism, one typically have to solve an optimization problem on the group of
orientation preserving diffeomorhpisms, Diff * (£2), to compute shape distances.

In this article, we propose an algorithm for solving optimization problems
on Diff " (£2) by composition of elementary diffeomorphisms. Using concepts
from deep learning, we restate the reparametrization problem such that it may
be solved by training a residual neural network. This approach admits an ef-
fective, unified framework for optimal reparametrization of both curves and
surfaces. We motivate the approach with results on infinite-dimensional Lie
groups of diffeomorphisms by describing global charts for certain diffeomor-
phism groups, thus implying universal approximation properties. Furthermore,
we establish a priori estimates for the composition of multiple diffeomorphisms.
These estimates are of independent interest beyond the applications considered
in the present paper. Finally, we provide an implementation of the algorithm
based on the PyTorch-framework [31] and test it for several reparametrization
problems. The source code for our implementation of the algoritms is available
at https://github.com/jorgenriseth/funcshape .gi

1.1 Related work

The methods proposed in this article were developed in the framework of
shape analysis, but have their foundations in optimal control and deep neural
networks. Our approach is a so-called learning-free method, which does not
attempt to draw conclusions to unseen instances based on features learned
from big data sets, but rather attempt to find an alignment between a single
pair of shapes. As such, the method is conceptually similar to that of a deep
image prior |38, where untrained deep convolutional networks are used for
image reconsunstruction tasks, such as denoising, based on a single image.

The neural network is structured to have inherently encoded some of the
important properties of diffeomorphisms, such as invertibility. To achieve this,
we base the network structure on residual neural networks [19], where each
layer is of the form z + x + f(x). Here f : R? — R¢ depends on parameters,
e.g. for so-called dense layers f(x) := o(Axz + b), where A is a d x d matrix,
b € R? and o is a scalar nonlinearity applied componentwise.

1 This repository will be the subject of change following any feedback during the review
process. At the point of publication this url will be replaced by one pointing to a fixed
version.
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Residual networks may further be related to approximations of diffeomor-
phisms, by interpreting them as flows of ordinary differential equations [16]
39.[6]. Assuming the parameters to be time-dependent functions A(t) and b(t),
each layer may be interpreted as a forward Euler discretization of the non-
autonomous differential equation

z(t) = f(z,t), z(0)==x, flz,t) := o (A(t)x + b(t)), (1.1)

zH’l/}Lv wk:wk71+hf(wkflatk)a kila"'va 1/}0:1'5

where h is the step-size often taken to be equal to 1, and with ¢, = kh.
For f Lipschitz continuous in z, the Euler method is known to converge on
bounded time intervals to the solution of the differential equation as h — 0. A
sufficient condition for the invertibility of the layer map is that hf is Lipschitz
continuous, with Lipschitz constant Lip(hf) < 1 (also called 1-Lipschitz). For
activation functions o with bounded derivative, most layer types, e.g. dense
layers or convolutional layers, can be made 1-Lipschitz by appropriate scaling
[7]. See for example [5] for a concrete strategy for choosing such a scaling.

The necessity of invertible layers in neural networks is not restricted to
the ODE-interpretation of residual neural networks. For example, normalizing
flows are a class of machine learning models that may be used to artificially
generate data [37]. Given m independent observations of n random variables
one seeks an estimate of their underlying probability density p(x). The ap-
proximation of the probability density is achieved by mapping x to a new set
of variables y = ¢~ !(x) with known (for example normal) distribution pu(y).
Then

p(z) = Jy(z)u(y(x)),

where J,, is the Jacobian of the map ¢~!. The map ¢! is built by means of
a gradient ascent flow increasing the log-likelihood of the sample data with
respect to its density.

While the evolution and growth of the field of deep learning have primarily
been driven by empirical results throughout the last decade, there are multiple
approximation theorems which provide a theoretical basis for the effectiveness
of neural networks. For example, consider the space of one-layer neural net-
works of the form

1

N
¥ :[0,1]" = R, U(z) = Zaja(wfx +bj), (1.2)

with parameters o5, b; € R, w; € R”, and some activation function o : R — R.
In 1989, Cybenko [1I] proved that such networks are dense in the space of
continuous functions with respect to the supremum norm as N — oo, provided
that o is continuous and satisfies

o(t) — 1 t— +oo,
0 t— —o0.
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In [I], the authors provide a similar approximation result for diffeomor-
phisms isotopic to the identity, defined on a compact manifold 2. They show
that such diffeomorphisms may be expressed as a finite composition of expo-
nential maps of vector fields that have been scaled by smooth functions, as
long as the vector fields belong to a bracket-generating family of functions. In
[2], this result is extended to more general maps on 2.

1.2 Structure of the Article

The article is structured as follows: Section ] provides background on shape
analysis and the definition of the proposed deep-learning approach. Section Bl
gives universal approximation results and the theoretical basis for the deep
learning approach. Section H describes a priori estimates of the C*-distance
between the identity diffeomorphism and the network ¢, given in terms of el-
ementary diffeomorphisms. Section [ provides details on how the proposed al-
gorithm is implemented. Section [6]shows the results of applying the algorithm
to test examples involving both parametric curves, surfaces and +nFinally,
section [7] discusses some of the choices made in this article and potential ideas
for further improvements of the algorithm.

2 Background and definition of the proposed numerical method
2.1 Shape space and shape metrics
Orientation-Preserving Diffeomorphisms
Consider the space of immersions from {2 = [0, 1] into euclidean space RY,
P :=Imm(2,R?) = {c € C®(2,RY): ¢(t) #0, Vt € 2}. (2.1)

To be able to identify two curves representing the same shape, consider the
set of orientation-preserving diffeomorphisms, which consists of monotonically
increasing functions from (2 onto itself,

DIffH(2) = {p € C=(2,2): (0) =0, p(1) =1, ¢ >0}.  (2.2)
The group Diff"(£2) is an infinite-dimensional Lie group. Section [B] provides
more details on this group. For now, we note that Diff " (£2) has a canonical
right group action on P by composition,

P x Difft () — P, (c,p) = co .

We shall refer to this as reparametrization of ¢ by ¢. With respect to the
reparametrization action, we can now describe shape spaces.
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Shape Space

Elements of shape space are interpreted as unparametrized curves. The shape
space is the set of Difft (§2)-orbits

S =P /Difft ().

Our goal is to obtain geometrically sound deformations between elements in
S and compute distances thereof, by means of a metric ds. Such a metric is
typically constructed by defining a reparametrization-invariant metric dp on
P. Due to reparametrization invariance (cf. [§]),

ds(le1], [eo]) = inf  dp(ci,c00 2.3

s([ea], [e2]) L. p(c1,c20¢) (2.3)

defines a metric on S. Hence, to compute the distance between two shapes, we

need to solve an optimization problem. The algorithm presented in this article
aims to solve this problem.

The SRVT and Q-transform for Curves

One way to define a suitable distance function dp is by exploiting certain
transformations which transform familiar metrics to obtain reparametrization-
invariant (Riemannian) metrics. One such transformation is the square-root
velocity transform (SRVT) for curves, introduced in [35]. It is given by

C/
VIeT
It is easy to see that R(co ¢)(t) = /¢'(t) (R(c) o ¢)(t). Hence we can pull

back the L2-inner product on function spaces to obtain a reparametrization-
invariant distance:

R:P — C®(2,RY)\ {0}, cr—

1/2
dp(c1,c2) = [|R(c1) = R(c2)ll 2 ray = (/Q|R(Cl)(t) —R(c2)(1)[? dt) :

The SRVT was generalized to curves on Lie groups and homogeneous spaces
[9]. Another transformation with similar properties as the SRVT, which allows
us to construct a different metric, is the so-called Q-transform [2513]:

Q: P — C=(N,RY), () I/ ()]e(-). (2.4)
Surfaces embedded in 3D space

To extend the framework for computing shape distances to parametric surfaces
embedded in R3, we will assume for simplicity that the surfaces are defined on
the unit square 2 = [0, 1]2. The main differences between shapes of curves and
of surfaces pertain the group of diffeomorphisms. Further, we need analogues
to the SRVT and Q-transform.
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Denote by f, f, the partial derivatives of a parametric surface f and by

af(x) = [fo(x) X fy(x)]

the area scaling factor of the surface. Now the pre-shape space for surfaces is

P={feC®UR) : as(x) >0Vz € 2}. (2.5)

The group of orientation-preserving diffeomorphisms consists of smooth in-
vertible maps from {2 onto itself such that the Jacobian determinant J, is
positive,

Diff " (2) = {p € C=(2,02) : J(x) > 0Vx € 2, ¢(s) € 9N Vs € 0N} .

Its tangent space T,Diff" (2) at ¢ consists of smooth boundary-respecting
vector fields on (2 (see [26]).

The SRNF and Q-transform of Surfaces

The square root normal field (SRNF), defined in [20], is a generalization of the
SRVT to surfaces. It is defined by

N(H)(x) = y/ay(x)ns(x)

where ny(x) is the normal vector field on f. Applied to a reparametrized
surface, the transform satisfies the relation

N(fop)=IWN(f)oe).

Following the same derivation as was given for curves, we may now define a
reparametrization-invariant pre-shape distance by

dp(f1, f2) = [N (f1) = N(f2)l|L2(2.r9),

since the factor /J, cancels the Jacobian determinant introduced by the
change of variables in the integral. While the SRNF shares some properties of
the SRVT, for example the translation invariance, it is not invertible. In [22],
the authors present several examples of surfaces that represent different shapes,
but have the same image under the SRNF. However, the SRNF framework has
shown some merit in practice as shown in [36] and the references therein.

Alternatively, we can use the Q-transform for surfaces, which was intro-
duced in [23]. The Q-transform for surfaces is defined by

Q(N)(x) = y/ar(x)f(x)

and satisfies the same property of reparametrization-invariance with respect
to the L2-norm.
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2.2 The optimization problem on the diffeomorphism group

The metric on shape space is induced by suitable metrics on the pre-shape
space. In the approaches sketched above, this metric is the geodesic distance
of a Riemannian metric arising as pullback of the L2-metric via one of the
transformations mentioned. To compute the metric on shape space one needs
to find the elements in the Diff T (§2)-orbits which are closest to each other.
However, due to equivariance of the transformations, this can equivalently
be formulated as the following optimization problem for the L2-distance (ex-
ploiting that (C°°(£2,R%), L?) is a pre-Hilbert space and the set in which we
compute the distance is an open (but non-convex) subset of this space). As-
sume that fi, fo € P, and we want to compute ds([f1],[f2]). Let T be one
of the transforms discussed above and ¢; := T(f;),7 = 1,2. Then we need to
solve the following optimization problem:

p* =arginf cpigr () E(9),  E(@) = lla — V¢ (@op)liz-  (2.6)

Note that the optimization problem has been formulated as the squared L3-
distance. Solving this optimization problem, we can compute the metric dis-
tance on shape space if both ¢; and g2 are contained in a convex subset of the
image of the transformation. While this is not always the case (for example, it
does not hold for a pair of curves which get mapped by the SRVT to elements
¢1 and —gq1), the assumption always holds locally for mappings which are not
too far apart. In any case, solving efficiently this optimization problem is cru-
cial in shape analysis and the main purpose of the present paper is to provide
tools from machine learning for its solution.

2.3 A Riemannian gradient descent method

A gradient descent approach to solve (2.6]) is obtained by representing the
gradient of the functional F by means of an othonormal basis of TiqDiff ™ (2).
Suppose f; € TiDiff T (£2), 5 =1,2... is an orthonormal basis of TjqDiff *(£2)
with respect to an inner product (-,-)iq on TigDiff " (£2). Consider the left
multiplication L, for some ¢ € Diff " (£2) mapping v — p o). We denote with
dL, : TiaDiff " (£2) — T,Diff " (£2) the corresponding derivative mapping at
the identity. The gradient of E with respect to (-,)iq is defined as the unique
vector field grad F on Diff ™ (£2) satisfying

dE]W(wg,) = (dL; ' (grad E(¢)),dL ' wy)ia,  Vw, € T,Diff 7 (£2).

We can formally represent grad E(y) using the basis of TidDifer(Q), by
AL, (grad E(¢)) = > Aify, (2.7)
j=1

with \; = dE}w(de(fj)).
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In practice, the proposed gradient descent algorithm on Difer(Q) is ob-
tained by truncating ([27) and projecting the gradient on the subspace of
TiqDiff ¥ (£2) spanned by a finite number M of basis elements. This gives

M
dL;lgrad E(p) = Z A fis
j=1

and we obtain the following update rule for the gradient descent iteration:
ot = () o (id — ndL;(ln)gr/ad\E(@("))) , n=0,1,...,

with o = id, where 7 is a scalar parameter optimized to speed-up convergence
and to guarantee the invertibility of ¢("*t1). Written in terms of the basis, the
gradient descent iteration becomes

M
e =Moo [id—n Y N |, n=0,1,..., (2.8)

j=1

and {\7}}L, are coefficients determined at each iteration n. In [33], this update
rule was shown to be equivalent to an algorithm proposed for reparametriza-
tion of surfaces in [24] and to a similar algorithm created for curves in [35].

2.4 Main method: Deep learning of diffeomorphisms

It can be observed that after L iterations of the gradient descent algorithm
238), the diffeomorphism (%) is the composition of L elementary diffeomor-
phisms defined as the identity plus a weighted sum of M basis functions.
This observation may be exploited to create a deep learning approach to the
reparametrization problem.

The goal is to find a minimizer of the loss function in (Z6]). However,
instead of using the whole group Diff ™ (£2), we fix some L, M € N and restrict
ourselves to functions of the form

M
p=¢@ro---op;, where @g::id+2wﬁfm (=1,....,L, (2.9
n=1

for a set of basis function { f;}1, C T:aDiff " (£2). Here {wf M, are coefficients
to be found by the optimization algorithm.

The computational graph of the function ¢ in (2Z9) has a very similar
structure to that of a deep residual network [19]. Both the input-values xy and
output-values z; of the network are points in the domain 2. The function
evaluation is defined by the recursive relation

o(xo) = L, Top1 = p(xp) = xp + Fe(xg), £=0,..,.L—1.
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By using a discrete analogue of ([2.6) as the loss function, then the problem

of finding an optimal reparametrization between two curves — i.e. finding
the optimal coeflicients {wf ;”il — coincides with that of training a neural

network. To ensure that ¢ € Diff T (£2), we need to restrict the set of weights
to some subset W C RMZE, Further details on this restriction are given in
section [B.11

The increased performance of the deep learning approach (29) can be seen
in figure 2.1 which compares the proposed method to the gradient descent
algorithm. This figure indicates that the deep learning approach converges
towards a significantly better solution than gradient descent. A preliminary
implementation of this approach and a proof of concept was presented in [33].

-0.25 -0.25
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-0.75 -0.75

-1.00 -1.00
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Fig. 2.1 Comparison between the Riemannian gradient descent (GD) and the deep residual
network approach for reparametrization of curves. The GD approach used 6 basis functions,
whereas the network approach used 6 basis functions and 6 layers. (Top): A curve cz (left)
and the same curve with a different parametrization ¢; = ¢z 0 (right). The goal is to recon-
struct ¢. (Bottom left): The diffeomorphisms found by the different algorithms, compared
to the target diffeomorphism ¢. The diffeomorphism found by the deep neural network ap-
proach is visually indistinguishable from the target. (Bottom right): Convergence plots for
the two algorithms, showing the error of the cost function (see section [5:4]) as compared to
the iteration number of the optimization algorithm. The error is given relative to the initial

error.

3 Theoretical justification

This section provides the main theoretical motivation for the proposed deep
learning approach for optimization on Diff T (£2). We shall first recall relevant
(infinite-dimensional) Lie group structures on diffeomorphism groups. Then
we show that finite compositions of diffeomorphisms of the type ¢, = id + fy,
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{ =1,...,L with f, a 1-Lipschitz vector field can be used to describe the
whole group of diffeomorphisms of a cube 2 = [0,1]¢ (Section B.2). If 2 is,
more generally, a compact convex subset of R? with dense interior (like a disk
2 ={(x,y) € R? : 22 + y? < r?} in R?), analogous diffeomorphisms generate
the group of diffeomorphisms fixing the boundary of {2 (see Section B1)). We
are mostly interested in the case of a cube [0, 1]%; in fact, only the unit interval
[0,1] and square [0,1]? are used in the numerical calculations. As explained
in Section [Z4] eventually our methodology is implemented first restricting f;
to a finite-dimensional subspace of the Lie algebra of vector fields and then
constraining f, to be 1-Lipschitz, see Section [] for details. This introduces
further approximations which we discuss briefly but do not analyze in detail
in the present work.

3.1 Diffeomorphisms fixing the boundary

Lie group structures on diffeomorphism groups of compact manifolds have
been studied in many works (see, e.g., [26J172730]), including the case of
manifolds with boundary or corners. In this section, we consider a compact
convex subset 2 C R? with dense interior (having in mind the main example
2 = [0,1]%). A map on £ is smooth if it extends to a smooth map on an
open subset in R?; we can therefore speak about the group Diff (£2) of all
C°°-diffeomorphisms of 2. Following [14], we consider the subgroup

Diff5(£2) := {¢ € Diff(2) : p(k) = k,Vk € 902}

of all smooth diffeomorphisms fixing the topological boundary 02 pointwise.
It has been shown in [14] that if we endow Diff5(§2) with the compact-open
C*°-topology, the group becomes a manifold modeled on the space

CP(2,RY) = {f € C°(2,RY) : f(k) =0,Vk € 012}.

This space is an infinite-dimensional locally convex space (with respect to the
compact-open C*°-topology) and its elements can be identified with vector
fields which vanish on the boundary. This structure turns the space Diff 9((2)
into an infinite-dimensional Lie group. Using a canonical identification yields
Tia Diff5(2) = C5°(£2,R?). Further, Diff5(£2) admits a global chart

r: Diffp(2) = CF(2,RY), ¢+ ¢ —idg, (3.1)

which arises as a restriction of the map x: C®(£2,R4) — C®(2,R%), f
f —idg. For vector fields f € x(Diff5(£2)), the inverse x~1(f) = f +idg is in
Diff5(£2) and we can obtain all elements in Diff5({2) in this way.

By the preceding, every diffeomorphism fixing the boundary can be ex-
pressed as a vector field (vanishing on the boundary) plus the identity. Thus,
one only needs to approximate vector fields and can ignore the non-linearity of
the infinite-dimensional manifold. However, there are two practical problems
for us to solve:
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1. Describe the image of the global chart .
2. Establish approximation results by sampling from a finite-dimensional sub-
space of the Lie algebra.

As the global chart is highly dependent on the geometry of {2, there is no
easy comprehensive way to describe its image. However, it is easy to provide
sufficient conditions for a vector field to lie inside the image of k.

Ezample 3.0.1. Let 2 = [a,b] be a compact interval. Then a vector field f in
C5°([a,b],R) is in the image of x if f'(x) > —1 for all € [a,b] since then
id[, 5 +f will be monotonically increasing.

The situation is more complicated for higher-dimensional sets. We do not
have any global information concerning the set 2 then. However, there is a
convenient sufficient condition ensuring that a map is in {2, which we describe
now.

Fix any norm on R? to calculate Lipschitz constants for functions from
2 C R? to R?, operator norms, and open balls B,.(z) := {y € R?: |ly—=z| < r}
for z € R? and 7 > 0. Setting

I Flls.op 1= ma [1£/(2) o (32)

for f € C3°(£2,R?), we obtain a continuous seminorm on C5°(§2,R¢). Hence
Uy = {f € CF(2,RY): Lip(f) <1} = {f € CF(2,R): || flloo,op < 1}
is an open 0-neighborhood in C3°(£2,R%).

Lemma 3.1. The map idg +f is an element of Diff5(£2) for all f € Uy. Thus
Uy C k(Diff5(£2)) and it makes sense to consider k= (f) =ido +f.

Proof. To keep the notation short, we write s ~(f) := f+idg, though strictly
speaking it makes only sense to use the inverse of the chart once the proof has
been concluded. Given f € U;, the map x~1(f): 2 — R? is injective, since
k() (@) = k7 H(f)(y) with 2 # y in 2 would entail that

e =yl = 1f(y) = f(@)|l < Lin(f)llz — yll < |z =y,
contradiction. Since k~!(f)(x) = z for each = € 912, we have
kL) (002) = 00. (3.3)
Using the injectivity of k~1(f), we obtain for the interior £2° of 2
KHE(02°)N a0 = . (3.4)

Since ||f'(x)]lop < 1, we have k~1(f) (z) = idga +f'(z) € GL(R?) for each
x € 2°, whence k™ 1(f)|oo is a local C*°-diffeomorphism at each x € 2° (by
the Inverse Function Theorem) and hence an open map.

Next, we pick an z( in the interior £2° of (2. Then the distance

r:=min{||zo — y||: y € 902}
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is positive. Note that
B,(x0) :={y € R%: ||zg — y|| <7} C 02°. (3.5)

In fact, since B,(zg) N2 = O, the disjoint open sets B,.(xg) N 2° # () and
Q := By(z0)N(R\ 2) cover B,(zg). Since B,.(x) is connected, Q = () follows.

There exists yo € 012 such that ||xg — yo|| = 7. Since f(yo) = 0, we have

1 (@o)ll = Ilf (o) = f(wo)ll < Lip(f)llzo — woll <.

Hence
57 () (o) — zoll = [If (o)l <7,
whence £71(f)(zo) € 02°, by B.3). Since xg € 2° was arbitrary,

RTH)(°) € 2°

is established. Now £~ 1(f)(£2) is compact and hence closed in R%. Further-
more, since £~ 1(f)(02) = 912, we deduce that

TN O°) = 1 H2°) N Q20 = w1 ()(R2) N 02°

is closed in £2°. Since £2° is connected and its non-empty subset £~ (f)(£2°)
is both open and closed in 2°, we must have k= (f)(£2°) = £2°. Being
a bijective local C°-diffeomorphism, the map x=1(f)|qo: 2° — 2° is a
C®°-diffeomorphism. Since flspo = 0, we have k= !(f)|or = idasn, whence
kH(f)(2) = 2. Tt only remains to show that x=1(f): 2 — 2 is a C°°-
diffeomorphism. By the preceding, k= 1(f): 2 — 2 is a continuous bijective
self-map of the compact topological space {2 an hence a homeomorphism. Note
that k= 1(f)'(x) = idga +f'(z) € GL(R?) for all x € 2. If k € Ny and x~1(f)
is a C*-diffeomorphism, then

-1

(5O (@) = (571 (@)

is a GL(RY)-valued C*-function of x € (2, entailing that x~1(f)~! is CF*+1.
Thus k= (f)~?! is smooth and thus k~1(f) € Diff5(£2). O

Remark 3.2. The same reasoning may be used to show that, for each ¢ € N,
the set {f € C§(£2,R9): Lip(f) < 1} is an open 0-neighborhood in C5(£2, R%)
and idg +f € Diﬁg[(ﬁ) for all f in this 0-neighborhood.

The main disadvantage of the group Diff5({2) in the applications we wish
to investigate is that its elements fix the boundary pointwise. Depending on
the application, this can be quite unnatural. Hence, we also consider the full
group of C*-diffeomorphisms for the special case of a cube [0, 1]¢ C R<.
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3.2 Diffeomorphisms of a cube

In this section, we exclusively consider the cube 2 := [0, 1]¢. Then the group
Diff (£2) of smooth diffeomorphisms is an infinite-dimensional Lie group (cf.
[26]). We shall follow the complementary approach of [I3], where diffeomor-
phism groups of convex polytopes are discussed. Our goal is to generalize
Lemma [3.7] to the diffeomorphism group of a cube.

For the cube, the diffeomorphism group Diff(£2) is an infinite-dimensional
Lie group modeled on the Fréchet space C.(£2, R?) C C>(£2,R?) of smooth
vector fields

f=01 s fa): 2> RY

which are tangent to the boundary in the sense that f;(z1,...,2zq) = 0 when-
ever z; = 0 or z; = 1 (such vector fields are also called boundary respecting,
or stratified vector fields). For example, a smooth vector field f: [0,1] = R is
tangent to the boundary if it vanishes at the vertices 0 and 1. A smooth vector
field f = (f1, f2): [0,1]?> — R? is tangent to the boundary if fi(z,y) vanishes
whenever z =0 or x = 1, and fa(z,y) vanishes whenever y = 0 or y = 1. The
space of stratified vector fields is a closed vector subspace of C>(£2,R%). As
in every Lie group, the connected component Diff (2)¢ of the neutral element
idg; is an open subgroup of Diff (£2). We recall from [13]:

Lemma 3.3. Let 2 = [0,1]¢. Then k: Diff(2)g — C(2,RY), ¢+ ¢ — idp
has open image and is a chart of Diff (£2), when considered as a map onto the
image. In particular, Diff5(£2) is a Lie subgroup of Diff (12).

Again, it is not straightforward to determine the image of the chart k.
But we can extend the sufficient criterion encountered for boundary-fixing
diffeomorphisms. To this end, we consider the open subset

Vi ={f e Cq(2,R) : Lip(f) < 1}.
We prove the following (see [13, Proposition 1.5] for a generalized version):

Proposition 3.4. For every f € V1, the map f+idg is contained in Diff ({2).
Hence V1 C k(Diff (£2)0).

Proof. The proof is by induction on d € N. If d = 1, then CZ(2,R) =
C5° (92, R) and the assertion follows from Lemma 3.1l Now assume that d > 2.
Fix f € V;. Arguing as in the proof of Lemma Bl we see that idp +f is
injective. Note that each (d — 1)-dimensional face F' of (2 is diffeomorphic
to [0,1]97! via a translation; for example, the upper face [0,1] x {1} of the
square [0,1]? can be translated to [0,1] x {0} = [0, 1]. Hence (idg +f)(F) =
(idp +f|r)(F) = F by induction. As the boundary 02 is the union of the
(d — 1)-dimensional faces, we deduce that (idp +f)(992) = 0. Thus (B3)
holds. Next, we note that idy, + f has invertible derivative f'(z) at each z € £2°,
whence it is an open map on the interior 2°. To see that (id, +f)(£2) C £2,
consider the projection pr; onto the jth component for j € {1,...,d}. By
compactness of {2, the minimum m; := minyep(pro (idg +f)(y)) exists. Since
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idge 4 f|ne is an open map, the minimum cannot be attained on the interior of
the cube. Thus m; is attained on the boundary 9f2. As the boundary is mapped
to itself and does not contain points with negative coordinates, we conclude
that m; > 0 for every j, whence x; + f;(z) > 0 for each x = (z1,...,zq) € £2.
Considering the maximum instead, we conclude that also z; + f;(z) < 1,
whence z + f(z) € 2 for all x € 2. Thus idg, +f maps the sets 2 and 912
into themselves, respectively. Arguing as in the proof of Lemma Bl we see
that (idg +/f)(£2°) is both open and closed in the connected set 2°, whence
(o +£)(2°) = 2°. Then (idg +)(€2) = (ido+/)(2°) U (ide +£)(092) =
02° U 02 = {2, showing that idp, +f is surjective as a map to {2 and hence
bijective. The proof can now be completed as in the proof of Lemma 3.1l and
we deduce that id, +f € Diff (£2). O

We have the following (strict) inclusions concerning the sets we are working
with
U ——— W

| |

k(Diff5(2)) —— K(Diff(£2)g) —— C=(£2,R%).

In practice, we work with vector fields to approximate diffeomorphisms.
As the algebra of vector fields is infinite dimensional, we have to replace it by
a finite-dimensional subspace. To increase the supply of diffeomorphisms we
can approximate, our method incorporates compositions of diffeomorphisms.
Since k1 (Uy) and k™1 (V}) are identity neighborhoods in the respective diffeo-
morphism groups, they generate the groupE i.e. every diffeomorphism can be
written as a finite (but maybe arbitrarily long) composition of elements near
the identity. Passing to the intersection with a finite-dimensional subspace, the
generating property is lost, but compositions will nevertheless yield a much
broader spectrum of diffeomorphisms which can be reached.

Remark 3.5. These observations have been exploited in the boundaryless case
for example in [I]. Since Diff(£2)o is simple in this case, there are several
characterizations available for a subset of vector fields to generate a sufficiently
rich subgroup (see e.g. [1l[2] for a treatment of flows in the framework of sub-
Riemannian geometry on manifolds without boundary). Note that it is not
clear how these techniques (e.g. sub-Riemannian geometry) can be generalized
to manifolds with boundary.

Since our method relies on compositions of multiple diffeomorphisms, the
next section provides insight and estimates into such compositions.

4 Estimates concerning multiple compositions

If we consider compositions ¢ := ¢ o--- o0 ¢ of diffeomorphisms ¢1,...,¢r €
Diff5(£2) for a large number L of factors, we’d like to be able to control the

2 We are referring to the connected component of the identity of the respective diffeomor-
phism group here.
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distance ||¢ — idg, ||+ of the composite from the identity idp in terms of the
distances ||¢1 — idg ||ck, - - -, [|¢r — idn ||cx (Where the norms || - ||+ are as
in (£9)). We show that such an estimate is possible using a closed formula
which applies to all L. Let §2 be [0, 1], or a compact convex subset of R? with
dense interior. For certain positive integers My < My < Ms < --- which can
be calculated recursively, we have:

Proposition 4.1. For all k € Ny and all L € N,
I((de+fr) oo (ide+f1)) —ide|lex
< Myt = Ibler (| fifloe +-+ |l fuller) (1)

holds for all f1,..., fr € Diffg(2) —idp such that || fillcx +- -+ || foller < 1.
Notably,

I((ide +fL)o - -o(ide +/1))—ide [|ex < My e®(|fillor+- -+ fullor). (4.2)

Here My := My :=1. For k € Nand j € {1,...,k}, let Py ; be the set of
all partitions P = {I1,...,I;} of {1,...,k} into disjoint, non-empty subsets
Il,...,Ij of {1,,]€} Then

k
M, = Z Z M)+ My, for k> 2. (4.3)
j=2 PEPy ;
If ngy > ny > --- > n; > 1 are integers with ny + --- +n; = k, write

P(ni,...,n;) C Pj_for the set of all partitions of {1,...,k} into subsets
I,...,1I; of cardinality |I| = n, for a € {1,...,5}. Then

k
My=> > [P(n,...,n;)| My, My,

J=2 ni+--+n;=k

using a summation over all (ni,...,n;) € N with ny > ny > --- > n; and
nl—i—---—i—nj:k:.

For small k, the numbers M} can easily be calculated by hand; their values
are as follows:

E ||1]2|3]4| 5 | 6 7 8 9 10

Mg || 1| 1]4]26| 236 | 2752 | 39208 | 660032 | 12818912 | 282137824

The constants may not be optimal. Note that, for every & > 3, the set
{1,...,k} admits k partitions into a singleton and a set with k — 1 elements.
Thus Mk Z /{Mle_l Z Mk—l-

Remark 4.2. The numbers My, for k € N are well known in combinatorics; they
arise in a classical enumeration problem known as Schréder’s Fourth Problem
(cf. [324/34]). A longer list can be found in the on-line encyclopedia of integer
sequences (OEIS), sequence A000311.
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Remark 4.3. For m € N, the assertions of Proposition [41] remain valid for
all k€ {0,1,...,m} if fi,..., fr € Diff§" (£2) —idgo C C2(2,R%) (the proof
carries over).

In the following, V := k(Diff5(£2)) = Diff5(£2) — idy,, which is an open
0-neighborhood in C5°(£2, RY).
Remark 4.4. The proof will show that the condition || f1]|cx +- -+ frllcr < 1
in Proposition Bl is unnecessary for the validity of (4I)) in the cases k = 0
and k = 1. Actually,

[((de+fr) oo (ide+/1)) —idelleo < [fillo + -+ + I fLllc  (4.4)

for all L € N and f1,..., fr € V. We shall also see that

Lip(((ide +fr)o -+ o (ide +f1)) —ide) (4.5)
<(L+Lip(f1))--- (1 + Lip(fr)) =1 (4.6)
<elip(f)++Lip(fr) _ 1 (4.7)
<eMPUD+FLP(L) (Lip(f1) + - - - + Lip(fL)) (4.8)

forall L e Nand f1,..., fr € V.

Remark 4.5. In the special case 2 = [0, 1]¢, the conclusion of Proposition A1]
remains valid if Diff5(£2) is replaced with Diff (£2)¢ and vector fields vanishing
on the boundary are replaced with vector fields which are tangent to the
boundary. The same comment applies to Remarks [£.3] and [£.4

The following notations and facts are useful for the proof of Proposition 411

4.1. If (E,||-||g) is a normed space, we write Ff(z) ={yeE: |ly—x|g <r}
for the closed ball of radius r > 0 around = € E. If also (F,|| - ||r) is a normed
space, k € N and 3: E¥ — F a continuous k-linear map, we define

1Bllop := sup{[|B(@1, ..., zx)[|r: z1, ..., 2% € By (0)}.

Then [|B(x1, ..., zk)||lF < |Bllopllzille - ||zk||e for all z1,...,2, € E. If 2 is
a compact topological space and g: 2 — (LF(E, F),| - |lop) a continuous map
to the space of continuous k-linear maps, we let

9llsc,0p := sup [[g(z)|lop € [0,00].
€2

4.2. Let B := R endowed with a fixed norm || - ||, and 2 C E be a compact
convex subset with non-empty interior. For f € C*°(£2, F) and k € Ny, let
d¥f: 2 x E¥ — E be the continuous map such that, for all z € £2° and
Y1y Yk GE,

d*f(@,y1, .- k) i= (Dy, -+~ Dy, f)(x)

is the iterated directional derivative at z in the directions yi,...,yx. Re-
call that the topology on C5°(2, E) is initial with respect to the mappings



Deep learning of diffeomorphisms 17

CX(2,E) — C(2 x E¥.E), f — d*f for k € Ny, using the topology of
compact convergence on spaces of continuous functions. Thus, the seminorms

frrsup{|ld*f(2)l|e: = € K}

define the locally convex vector topology on C5° (2, E), for k € Ny and com-
pact subsets K C 2 x E¥. Abbreviate f*)(z) := d*f(z,.) € L¥(E,E) for
k €N and z € 2. Then

o 15 oo, = sup{[ld” £(2)l| s+ 2 € 2 x By (0)"}

is a continuous seminorm on Cg°(f2, E). Together with the supremum norm
I - [|oo, the latter seminorms define the locally convex topological vector space
topology of C5°(£2, E). In fact, for each k € N and compact subset K C £2x E*,

we have K C (2 x EiE(O)’C for some r > 0, whence
sup{[|d*f(z,2)|p: z € K} <[/ ™o .0p.

Hence, the vector topology on C§5°(f2, F) is also defined by the sequence of
norms (|| - [|ex Jken, With ||+ [[co := || - [loc and

1 £llor == max{|l flloo, I|F P lloo,ops - - s [LF* llos,0p}- (4.9)
The following formula actually holds for locally convex spaces X, Y, and Z.

4.3. (Faa di Bruno’s Formula) Let X, Y, and Z be finite-dimensional real
vector spaces, U C X and V C Y be locally convex subsets with dense interior,
and k € N. Let g: U — Y and f: V — Z be C*-maps such that g(U) C V.
Then

k
dk(fog)(mayla- 7yk) = Z Z djf(dlh‘g(xvyh)v" -7duj‘g(x7y1j))
j=1 PEPy ;

forall z € U and y1,...,yx € E, where P ={I1,...,I;} and

Yg = (yi17"'7yi€)

for each subset J C {1,...,k} of the form J = {é1,...,4,} with i; < --- <y
(see [15, Theorem 1.3.18 and Remark 1.4.15 (¢)]; cf. also [10]).

4.4. We shall use the following fact: If L € N and z1,...,zp > 0, then
1+ a1)(1+a) -+ (1 +2p) <e™rTter (4.10)

asIn((14+z)---(1+21)) = Zle In(1+ z;) < Zle xj. We shall also use
that
ef —1<e"x forallz > 0. (4.11)

In fact, e* — 1 = exp(z) — exp(0) = exp’(§)x for some £ € [0, 2] by the Mean
Value Theorem, with exp’(§) = exp(§) < exp(z) by monotonicity of exp.
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4.5. Let (E, ] -||) be a normed space and (L(E), || - [|op) be the corresponding
algebra of bounded operators. For all L € N and «y,...,ar € L(E), we
trivially have

[(de +ar)o---o(idp +ar)fop < (14 [larllop) --- (1 + flenflop).  (4.12)

Moreover,
[((dg +ar)o---o(idg +a1)) —idg [lop
< (M +llacllop) -+ (1 + [lallop)) — 1 (4.13)
< ellalloptHllarlor _ 1 (4.14)
< ellmlorttlenlo oo+ - 4 lagllop):  (4.15)
In fact,

8= (g +ar)-+- (dp+ar) = ids = 30 3 ag o-+-0ay,

J=11=j

using subsets [ = {i1,...,4;} C{1,...,L} with 41 <--- <4;. Thus

L
1Bllop < D7 D Nairllop - i llop = (L + latllop) - (1 + lazllop)) = 1,

i=11]=j

establishing (£13). Using (@I0) and (@II)), the inequalities ({I14) and (ZI5)

follow.

Proof of Proposition [{-1 We first prove the assertion for k € {0, 1}.
The case k = 0. For f,g €V, let

fxg:=((ide+f)o(ide +g)) —ide = g + f o (idg +g).

Then f*g €V and
1 # glloe < llglloc + [ f1oc-

Given f1,..., fr € V, we define fr, % ---x f1 recursively as fr, * (fr—1%---x f1)
and obtain

7% flloo < Ialoe + 4 1 lle (416)

by a straightforward induction. By induction on 2 < L € N, also
((lde+fr)o-o(de+f1)) —ide = fr* - * fi,

as the left-hand side of the equation equals

(ido+fr)(ido +((ide +fr—1) o - o (ido +f1) — idg)) — idg
= fo*(((de+fr-1) o o (ide+/f1)) —ide)
= fo*(foo1%---* f1).
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Hence (&) is a re-writing of (AI6). Notably, (£I) holds for k¥ = 0 with
MO = 1.

The case k = 1. Abbreviate E := R?. For f1,...,fr € V, 9 € 2 and x; :=
fij(zj—1) for y € {1,...,L — 1}, we have

(((ide +frL) o -+ o (idg +£1)) —ide)’ (o)
= ((idg +fi(xo)) 0+ -0 (idp +fr(rr-1))) —idpg

with operator norm < ((1+|f1(zo)llop) - -+ (1 + [f2(x2-1)llop)) — 1, by EI3).
Passing to the supremum in zg € {2, we get

I(f % f1) lloeiop < (14 [ f1llo.op) -+ (14 [ fL]lo0.0p)) = 1,

which is bounded by ((1+||fillcr) -+ (14| frllcr)) — 1. Thus (@8] holds, and
D) as well as (L8] follow using ([@I0) and [@II]). As the latter number is

also an upper bound for ||fL * - - * f1] 0o, we deduce that

[ fr - filler < ((L+ [ filler) - (T + N feller)) =1

for all L € N and f1,..., fr € . By (£10) and (£II]), the right-hand side is
bounded by

ellfilcit—+lifrlicr 1 < elfillcr+-+lLllcr (| f1]|cr + - + || fller),

forall L € Nand f1,..., fr € V. Notably, (@) holds for k =1 with M; := 1.
For k > 2, the proof is by induction. Details are postponed to Appendix[Al O

The upper bounds of proposition FI] are theoretical. It could therefore
be of interest to see how they relate to the practically achieved C*-norms
of diffeomorphisms of the form used in section [l and how these bounds are
affected by for example the number of compositions. For simplicity, we stick
to the one-dimensional case. In figure 1] the value

[((ide +fr) oo (idg+f1)) —ide|[[cr
(Zf IIfellck) ek SF 1 fell o

(4.17)

is shown for lower-order derivatives with varying number of layers L and num-
ber of basis functions d per layer. For £ = 1, 2 the estimates are relatively
good with values close to 60% and 15% of M}, respectively.

These estimates are largely dependent on the choice of basis functions, so
the results may look different for another set of basis functions than the ones
used here. Further details regarding how the values of figure [£.1] are computed
can be found in appendix
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Fig. 4.1 Practical estimates of the C* bounding coefficient in equation @I for k = 1,2,3
(left to right). (Top): Varying number of layers L. (Bottom): Varying number of basis func-
tions per layer M.

5 Implementation of the methods

This section describes the implementation of the approach outlined in section
241 We first consider the case of curves and then the case of surfaces. In both
cases, we need three parts: a discrete problem formulation, a choice of basis
functions, and a projection operator to ensure that the Lipschitz constant of
each layer is bounded by one.

5.1 Curves
Problem Formulation
Denote by W = {Wé}f:1 C R? a set of weight vectors w’, and use the notation

oz W) = @L(x;wL) 0..0 wl(x;wl) (5.1)

to highlight the dependency of ¢ on W, and ¢, on w¥, respectively. Each of
the layers are defined as residual-blocks

M
ooz, w') =z + Z w? fo(z)

n=1

with basis function f,, as defined in (53). The goal is to find a set of vectors W
such that the function ¢(-, W) € Diff " (£2) minimizes the loss function (Z.6).
To approximate the shape distance, take a collection X = {:I:k}szl C 12 of
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linearly spaced points, and compute the mean squared error (MSE) between
the g-maps evaluated at these points. In other words, the loss function is
approximated by the function

BOV:X) = 2 Y latwn) ~ VI Mol W)E. (5.2)
k=1

This function should be optimized with respect to the weights W under the
constraints that ¢(0,W) = 0, ¢(1,W) = 1, and ¢'(- : W) > 0. The opti-
mization is handled by a BFGS-optimizer, with a projection step between the
weight updates to ensure that the layers are invertibled The projection step
is similar to the spectral normalization approach of [4], and entails a scaling
of the weight vectors such that the Lipschitz constants of each of the residual
maps x — 271:[:1 w? fn(x) are bounded by one.

Basis Functions

The tangent space of the diffeomorphism group on an interval consists of
smooth functions that vanish on the boundary of the interval. A simple finite-
dimensional basis which satisfies this relation is a truncated Fourier sine series.
However, the algorithm seems to perform better when the derivatives of the
basis functions have similar magnitudes, and we scale the basis functions such
that their derivatives are bounded by one. Therefore, we choose the basis of

functions )
fo(e) = SOTD M (5.3)

nm

for M € N.

Projection Operator

To ensure the invertibility of each layer ¢y, we impose that the Lipschitz
constant of each of the residual maps is smaller than one. For this purpose,
denote by W*¢ the feasible set of the weight vectors. To define this set explicitly,
consider the upper estimate of the Lipschitz constants given by the inequalities

‘(Z wnfn(w)> - (Z wnfn(y)> < <Z|wn|Ln> |z =y, (5.4)
n=1 n=1 n=1

=L

where L,, is the Lipschitz constant for the basis function f,,. For our choice of
basis functions, we have that L, = sup,cq|fh(z)| =1 for all n =1, .., M.

3 This approach has performed well for the experiments in this article, but we have found
limited theory on the convergence of BFGS with a projection step. A large scale application
of the reparametrization algorithm might gain from changing to a constrained optimization
routine, or to another projected quasi-Newton algorithm with a better theoretical founda-
tion.
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Thus L = 3™ |w,|L, = ||wl|/;. To ensure that the layers are diffeomor-
phisms, we require that L is strictly smaller than one. To achieve this, we
define the feasible set

We={weRM : |wl; <1-¢} (5.5)

for some small . If the optimization algorithm makes a weight update which
causes a violation of these constraints, then it needs to be projected onto the
feasible set. We define this projection using a simple scaling of the vector,
defined by

1—¢

T RM S We w(w) = w.
(w) max{1l —¢&,||w|1}

(5.6)

5.2 Surfaces
Problem Formulation

The problem formulation for reparametrization of surfaces is analogous to the
case for curves, with the natural extensions to two dimensions. We approximate
the continuous loss function by

K
BV X) = 155 D latxig) = Toligi Whr (o s WP, (57)

ij=1

where X = {x;;,4,7=1,..., K} C 2(C R?), and ¢ as in (5.I). The loss func-
tion should be optimized with respect to the weights W under the constraints
Jo(-: W) >0 and p(OM; W) = 0M.

Basis Functions

The tangent space of the diffeomorphism group on 2 = [0,1]? consists of
smooth vector fields tangential to the boundary 9f2. We construct a basis for
this space componentwise, as a tensor product basis of Fourier sine series in
one direction and a full Fourier basis in the other. This choice was inspired
by the approach adopted in [24]. In the first component, these functions are
given by the three families of functions,

e, y) = 2T (5.80)
(2, 9) = sin(wkx;z;)s@wly), (5.8D)
Srale,y) = DRI, (5.5¢)

with corresponding basis functions gk(x,y) = &y, ), Mea(z,y) = (Y, x)
and ¢ (z,y) = ék,1(y,x) for the second component. A few example basis
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vector fields are shown in figure [B.Il The basis is truncated such that the
coefficients k,1 = 1, ..., N for some fixed value of N € N. The total number of
basis functions is therefore M = 2(2N? + N). In other words, the number of
basis functions per layer in the network increases quadratically with N.

1.0

0.8

0.6

0.4

0.2

0.

.0 . . . — 0.0 - . - - 0.0 - . - - 0
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
31 91,1 1,1 M,s

Fig. 5.1 Four examples of basis elemets of Tiq(Diff*(£2)), as described in The basis
fields are constructed componentwise as products of trigonometric functions and point either
purely in the z- or y-direction.

Projection Operator

Similarly as in section Bl the invertibility of each layer ¢, is ensured by
bounding the Lipschitz constants of the residual maps by one. The projection
operator is analogous to the one-dimensional case, and is based on the approx-
imation (5.4]). However, the Lipschitz constant L,, of each of the basis vector
fields is no longer simply equal to 1. Instead, we make use of the following
approximation:

Ly = sup [|[Dfn(2)]l2 < sup [|[Dfp(x)[[r, n=1,.., M,
e e

where Df,, denotes the Jacobian matrix of f,, the symbol || - |2 denotes the
spectral norm, and || - |p the Frobenius norm. According to this estimate,
the Lipschitz constants for each of the three types of basis vector fields are
bounded by
€ n _ VE2+202 o _ VE2+2I2

Ly=1, Ly, = T Ly = w7 (5.9)
and are found by taking the Frobenius norm of the Jacobian matrices of the
basis functions in (B.8)). Similar constants exist for the corresponding vector
fields in the y-direction. Adopting the notations from the one-dimensional case,
we define

1—¢
max {1 — g, (Z;M:ﬂwnu'/n)}

which maps infeasible weight vectors to the feasible set.

o RM s Wwe n(w) =

w, (5.10)
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5.3 Shape Interpolation

An interesting application of the reparametrization algorithm is to create real-
istic transitions between different shapes. The shape distance ds corresponds
to the length of some geodesic between the two parametric shape representa-
tions in the pre-shape space P. Each of the points along this geodesic corre-
sponds to a parametric representation of some intermediate shape, providing
a natural transformation between the original curves or surfaces.

In the specific case of reparametrization of curves using the SRVT, we may
compute a geodesic between their shapes. Assume for any 7 € (0, 1) that the
curve TR(c1)(x) + (1 — 7)R(c2)(x) # 0, Va € £2. Then the map

7= R TR(e1) + (1 — 7)R(c2)) (5.11)

with
R (g)(2) = / " 4(©)la(e) de (5.12)

defines a geodesic between the two curves ¢; and co.

The surface transforms, however, are not invertible. Therefore, we adopt
an alternative approach which seems to work well in many cases. Define the
map

y:PxPx[0,1] = CZ(2,R"), ~(fi,fo,;7) =7fi+(1—7)fa

Note that for fi1, fo € P, the map 7 — ~(f1, f2,7) defines a convex linear
combination of two elements in C°°(£2, R™) connecting the two surfaces. How-
ever, when applied directly to the parametrized curves without performing
the reparametrization, the corresponding path of this interpolation in shape-
space is typically far from length-minimizing. To improve upon this shape
transformation, we start by reparametrizing one of the shapes by finding
©* € argming+ epigr(o) dp([f1]; [f204]) and then apply the shape interpolation
according to

7= v(f1, f20 ", 7). (5.13)

Figure illustrates how the different interpolation approaches compare
to each other both in pre-shape space and in shape space. Figure shows
the different approaches applied to curves and figure presents an example
of the approach (5.13)) applied to images. Applied directly to the parametrized
curves as in the left panel of fig. 5.3 the intermediate curves of the transition
between the two shapes does not follow what we intuitively consider a shortest
path between the curves. Instead of only changing the parts of the curves which
differs between the two shapes, the entire curve is moved in the intermediate
steps. This is in contrast to both the middle- and the right panel of fig. B3
where the upper half-circle is stationary, and only the lower half of the circle
is moving between the shapes.
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Fig. 5.2 Different interpolation methods between two shapes and how these curves relate to
different shape representations. The dashed red curve corresponds to the direct linear inter-
polation between the two original parametric shapes. The solid green curve corresponds to a
geodesic, whereas the dotted blue line represents a linear interpolation after reparametriza-

tion given in (EI3).
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Fig. 5.3 Comparison of the methods described in section [5.3] for interpolation between a
half-circle and a circle. (Left) Direct linear interpolation, corresponding to the dashed red
curve in [£3] (Middle) Linear interpolation after reparametrization, corresponding to the
dotted blue curve. (Right) Geodesic, corresponding to the solid green curve.

5.4 Notes on Implementation

Since the structure of the diffeomorphisms that we are searching for is similar
to that of a residual neural network, the weight optimization is analogous to
the process of training a neural network. This is typically done by an iterative
line search method such as gradient descent rather than Newton’s method or
other Quasi-Newton algorithms. However, since we are dealing with a deter-
ministic problem, we have chosen to use the BFGS-algorithm (see e.g. [29]).
The network is implemented using the PyTorch machine learning framework
in Python[31] which takes care of the computation of gradients and updates
the weight vectors. By building our algorithms upon the PyTorch-framework,
the algorithms easily achieve high performance, scalability and extensibility.
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6 Numerical Experiments
6.1 Curves

We start by comparing two different parametric curves representing the same
shape. A simple way to find two such curves is by first selecting a curve c,
and reparametrize the curve with some diffeomorphism ¢. By applying the
reparametrization algorithm to the curves ¢; = co ¢ and ¢ = ¢, we expect to
recover a diffeomorphism v & ¢ such that the distance dp(c1,ce 0 1)) ~ 0. As
a first example, consider the parametric curve and diffeomorphism given by

c(t) = [cos(27t), sin(4nt)],
 log(20t+1) 1+ tanh(20(t — 0.5)) (6.1)
() = 21og(21) 4 tanh(10)

The curves ¢ and cop are shown in figure[6.Il The dots along the curves rep-
resent linearly spaced points on the domain 2 = [0, 1] for the curve parameter
t. Figure presents the results of applying the reparametrization algorithm
to these curves using a network with L = 10 layers and M = 10 basis functions
per layer. The resulting reparametrization v is visually indistinguishable from
the true diffeomorphism ¢, and the components of the reparametrized curve
c o1 exactly match the components of the components of c o .

ErETEEY) os 10 00 02 04 06 08 10 0 20 40 60 8 100

Fig. 6.1 (Left) The curve c to be reparametrized on top, and the target curve co ¢ below,
defined in (6.1)). (Middle) The component functions of the two curves cop (dotted blue) and
¢ (solid orange) before, and after reparametrization. (Top right) The true reparametrization
¢ (dotted black) compared to the reparametrization v found by the algorithm. (Bottom
right): The value of the loss function plotted against the iteration number of the weight
updates, given relative to the initial error. Each iteration corresponds to one iteration of the
BFGS algorithm including line-search.
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6.2 Surfaces

Similarly as in section[G.I] the performance of the reparametrization algorithm
is investigated by comparing surfaces representing the same shape. The results
are presented in figures [6.2] The coloring on the surfaces represents the
local area scaling factor a¢ for the given surface. Once again, the algorithm
does indeed find a diffeomorphism ¢ ~ ¢. Moreover, based on figure [6.0] the
convergence behavior of the reparametrization algorithm under an increasing
number of basis functions and network layers is similar to the behavior already
observed for curves.

The previous examples are using artificial surfaces defined by explicit para-
metric functions. In most practical applications, however, objects are repre-
sented by discrete observations. For example, images are typically stored as
matrices representing image intensities. Such data must be transformed to
parametrized surfaces before reparametrization. For this purpose, we made
use of a function from the PyTorch library which implements a bicubic con-
volution algorithm, [2]. Since we are working with three-dimensional surfaces,
it seems natural to represent single-channel images by their graphs.

The fact that the optimal reparametrization is unknown when compar-
ing surfaces representing different shapes, implies that it is difficult to prop-
erly verify the correctness of the algorithm. However, the shape interpolation
method of section provides a good alternative to validate the results; an
optimal reparametrization of one surface relative to the other, should pro-
vide a smoother interpolation between the two. Figure [6.4] illustrates the in-
terpolation between two images before and after reparametrization. Before
reparametrization, the intermediate images clearly show elements from each
of the images simultaneously, as one fades away and the other is revealed. Af-
ter reparametrization the interpolation represents a smoother transition, with
one of the surfaces being “warped” into the other.

4 torch.nn.functional.grid sample


https://pytorch.org/docs/stable/generated/torch.nn.functional.grid_sample.html
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Fig. 6.2 First example of reparametrization of a surface when compared to another para-
metric surface representing the same shape. The colors on the surfaces represent the area
scaling factor of the parametrization. The target surface f o ¢ (a) have been created by
reparametrizing the subject surface f (b) by some prescribed diffeomorphism ¢ (d). Af-
ter applying the reparametrization algorithm to compare the two surfaces, the resulting
reparametrization is shown in (e) and the reparametrized surface shown in (c).
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Fig. 6.3 Second example of reparametrization of two surfaces representing the same shape
such as in figure this time including an immersion and a more complex diffeomorphism
involving both rotations and stretching.
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6.3 Comparing Network Sizes

Figure[6.5 presents the results of the reparametrization algorithm for a varying
number of layers and basis functions per layer in the network. The results
represent the value of the loss function (5.2]) after reparametrization for the
curves from the example in figure It seems that by keeping the number of
layers low while increasing the number of basis functions, or vice versa, results
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Fig. 6.4 Linear interpolation between two images from the MNIST digits dataset, before
and after reparametrization of the surfaces. The first row corresponds to direct linear in-
terpolation between the graphs, whereas the second row corresponds to linear interpolation
after reparametrization as given in (E13).

in a relatively poor match between the functions. A combination of network
depth and width is required to reduce the error to the smallest values.

Figure presents similar results based on the reparametrization of the
surfaces in figure Note that IV represents the “largest frequency” of the
basis functions, and not the number of basis functions. This number is much
higher as pointed out in section In other words, a deep network will be
able to achieve similar performance as a wide network, using much fewer co-
efficients.
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Fig. 6.5 Final error after reparametrization of the curves in figure [} for varying number
of layers L and basis functions per layer M.
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Fig. 6.6 Final error after reparametrization of the surfaces in figure [6.2] for varying number
of layers L and the “largest frequency” N of the basis functions The number of basis functions
per layer M is in this case related to the frequency by M = 2(2N? + N).

7 Discussion

Based on fig. there seems to be a lower limit for how close to the opti-
mal reparametrization one can get using this approach, as opposed to what
one would expect based on the universal approximation properties presented
in section [3l The main reason behind this behavior seems to be the stopping
criteria for the BFGS-optimizer. There are three criteria playing a role in the
stopping behaviour: The termination tolerance on the gradient norm, the ter-
mination tolerance on the change of function value, or the maximal number
of iterations in the optimizer. By significantly lowering the termination toler-
ances and increasing the maximal number of iterations, it is possible to further
reduce the errors for the larger networks. This reduction, however, comes at a
high computational cost relative to small improvements to the registration.

Due to the relationship of the algorithm with the gradient-descent algo-
rithm, we have chosen to keep the structure and activation/basis functions
from the original problem, rather than doing an extensive investigation into
alternative network structures. Because of the constraints of the diffeomor-
phism group, it does take some effort to switch network structures and acti-
vation functions we have considered this to be out of the scope of this article.
However, it is most certainly an interesting topic for future research.

One important difference between a typical deep learning problem and
the algorithm presented here, is that since we are registering a single pair of
shapes, overfitting is desirable in our case — at least under the assumption
that the shapes are without noise. This assumption is justified since the noise
from the original data will usually be handled by the method one uses to create
a parametric curve/surface. This is typically done by interpolation or other
regression methods with the possibility to add a regularizer or other prepro-
cessing steps to reduce noise. An example is the bicubic interpolation method
used for the MNIST-images in fig. [6.4l For future research, however, it would
be interesting if one could incorporate the construction of the parametriza-
tion from a point collection into the network structure itself. In such a case,
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overfitting would indeed pose a problem, and typical regularization techniques
would need to be applied.

8 Conclusion

In this paper we proposed a method for the solution of optimization prob-
lems on the group of diffeomorphisms. The method is inspired by deep neural
networks and implemented in PyTorch. An analysis of the universal approxi-
mation properties and a priori estimates of the norms of the obtained approx-
imations are presented. A number of numerical results illustrate the merit of
the proposed approach in applications of shape analysis.

A Proof of Proposition [4.1]

In this appendix, we provide the details postponed in the proof of Proposition Il Let us
recall the statement for the reader’s convenience:

A.1 (Statement of Proposition [I1)). For all k € Ny and all L € N,
I((ide +fr) oo (ide+f1)) —idg [k
< M kXS E 150 on
< Mye (fllgr 4=+ elior)

holds for all f1,..., fr, € Diff5(£2) —idg such that || fillcx + -+ [frllcx < 1.

Recall that in Section d] we have already established the statement for all L € N and
k € {0,1}. Thus all we need to prove is the statement for all k > 2.

Proof of Proposition [l in the case k > 2. The proof is by induction. Assume that k > 2
and assume that the asserted estimates already hold for k — 1 in place of k. For f,g € V,
applying Fa4 di Bruno’s formula to the first term in f * g = (idp +f) o (idp +9g) — idp, we
get for all z € 2 and y1,...,yx € Ef(O)

d*(f* 9) (@, 91, Uk)

=3 Y @f@),d" @), d b y) (A1)

j=2 PEP; ;
+(idp +f' (@) (d*g(z,y1,- -, 9)), (A2)
with h := idg +g. The norm of the summand in (A2)) is bounded by
L+ 1 loo,00)19® oo ,0p < el [Ig]l s (A.3)
this is < My, ek(”f”C’“HIg”C’“)||g||Ck. The norm of a summand in (A is
< 1FD N0 0 1B oo ,0p - -+ [RUT3D |oo,0p < L fll o [P floo,0p - -+ 1B oo 0p-
For a € {1,...,j}, possible cases are that |I,| = 1; then
1A e g 0p = [1idE +0'[looop < 1+ [I¢[|oo,op < elldllor — gHalllgllgr
If |I,] > 2, then

(1R e D | o.0p = 194172 D] 00.0p < lgllor < ellgllor < elalllgllon
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As
ellilllglgr .. ol llgllor — SEllgllor < M- ._Mle‘ek(”f”ck"'HgHCk),

we get we get

k
”(f*g)(k)”oo,opS Z Z Mg - M ”f”ckek(”f||ck+||9”ck)
j=2PEPy ;

+ M, Ul or +||9||Ck)||g||ck
< My FI e HIale) (1 £+ llglon)-

Thus ||f * gllgx < Mg " lcr+glcr) (171l o + llgllon ), whence @) holds for L = 2. If
we are given f1,...,fr, € V with L > 3 and

fillor + -+ fLller <1, (A.4)
let f:= fr and g := fr_1 *---* f1. Using (A3) and the inductive hypothesis (the case of
L — 1 factors), we see that the right-hand side of (A3)) is less or equal

ellf1llcr lallen < ellfLligr My, ekllfL—1llcr +”‘+HflHCk)(”fL—l”ck + o+ A llor)
L .
< Myt Z= Wler (£ allon + -+ 1 f1llgr)-

With h := idgp +g = (ido +fr—1) o --- o (idp +f1), the norm of a summand in (AJ) is
bounded by
12l em IR ID oo 0p - - - [R5l oo op.-

For a € {1,...,j}, possible cases are that |I,| = 1; then
||h(|1”|)||oo,op = [((de +fr-1) oo (ide +£1)) llcc,0p
< (A +Ifr=1llcc,op) -+ (L + If1llco,0p)

Az 1llon) -+ (L Ifallgn) < elfelWFmallon o+ ifilcr)
My, el llgr -+l o).

IAN A

If |I,] > 2, then

|R(aD)| o op (Ha

g« lloo,0p < lgllcizal
M, eua‘(HfL—lHck+"'+||fl||ck)(||fL71”Ck +oF I Aller)
M; ‘e”a‘(HleCk""”‘"”fLHck),

IN

IA

using ([(A4) for the final estimate. As

el fillgr++lfnlicr) .. il llgr++IfLllor) — 6"€(||f1||c1c‘0-"'+||fLHck)7

we get

I(fz % )P oo ,0p

k
k +e 4
< (X2 D2 My My | IaallgreMlontFilizler)
j=2 PEPy ;

+ M;, ek(HflHck+"‘+HfLHCk)(”f2llck + -+ fnllor)
L
< My " == Milon (| fullgr + - + [ fzllow),

L . .
whence || fr, % * f1]| g < My, ek Xi= fillor (If1llgx +-- -+ I fLllox)- This completes the
proof. O
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Remark A.1. Proposition 1] was inspired by a recent result from the theory of evolution
equations on infinite-dimensional Lie groups (regularity theory). Consider a Lie group G
modeled on a locally convex space E, with neutral element e. Let T'G be the tangent bundle,
g:=T.G and G x TG — TG, (g,v) — g.v := TLg(v) be the natural left action of G on
TG, which uses the tangent map T'Lg of the left translation Ly: G — G, x +— gx. The Lie
group G is called C°-regular if, for each continuous path «: [0,1] — g, there exists a Cl-map
n: [0,1] — G with n(0) = e and

7' (t) = n(t).y(t) for all t € [0,1];

and moreover the time 1-map C([0,1],9) — G, v — n(1) is smooth (endowing the domain
with the topology of uniform convergence); see [12[28]. As shown by Hanusch [18], every
CO-regular Lie group is locally pu-conver in the sense of [I4]. Thus, for each open identity
neighborhood U C G and C°°-diffeomorphism ¢: U — V C E with ¢(e) = 0, and each
continuous seminorm ¢: E — [0, oo[, there exists a continuous seminorm p: E — [0, oo[ such
that

gr---g9291 €U

and
q(d(gr -+ 91)) < p(e(gr)) + -+ p(¢p(g1))

forall L € Nand g1,...,95 € U such that p(¢(gr))+---+p(¢(g91)) < 1. As shown in [I4], the
Lie group Diff5(£2) is CC-regular. Applying the preceding fact to the C°°-diffeomorphism
k: ido +V =V, g — g — idp and the seminorm ¢ := || - || ox with a fixed k € Ng, we infer
the existence of a continuous seminorm p on C§° (42, R?) such that

[(Gde+fr)o--o(ide +f1)) —ide [loxr < p(f1) + -+ p(fL)

for all L € N and fi1,...,fr € V with p(f1) + -+ + p(fr) < 1. We may assume that p is
a multiple 7| - ||oe of || - ||o¢ for some £ > k, as these seminorms define the topology on
C5o (2, Rd). The point of Proposition 1] is that we can always choose £ = k, and that it
provides an explicit choice for the constant r > 0.

Previously, u-regularity has been discussed in quantitative form only for Banach-Lie groups,
where estimates for the Baker-Campbell-Hausdorff multiplication * on the Banach-Lie alge-
bra g enable norms ||z1 * -+ - * Zm|| of products of elements z1,...,zm € g to be estimated
(see [12]).

B Practical upper bounds for C*-norm

This appendix describes the methods that were used for the values in figure [l The goal
is to estimate how the practically achieved C'*-norms compare to the theoretical results of
proposition ] For simplicity, we stick to the one-dimensional case. Since both sides of the
inequality 1] relies on the chosen vector fields fy, we start by reorganizing the inequality
according to

I((de +fr) o o (ido +f1)) —ida [ok
(S Wellon ) = =F Melor

< M. (B.1)

Estimating C*-norms

Let X = {J:,}ZI\LI € 2 be a collection of points tightly distributed throughout the do-
main £2. Then we estimate the C*-norm of a function f € 2 by ||fllcx = D fllop,cc =
max,e o | D f(2)]lop & maxx, e x ||D* f(xi)|lop In the one-dimensional case, this reduces to
ok f

—(z; B.2

2% ok 0 "

where X is typically chosen as an equidistant grid of points X = {i{/N |¢=0,...,N }.
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Choosing vector fields

Consider vector fields of the form
M
fol) = we j0i(), (B.3)
j=1

for basis functions as given in (5.3) and some weight vector w, € RM . Since different weight
vectors might yield different results for the relative norm estimates, we use two different
strategies for initializing the weight vectors:

1. Deterministic vector of ones: wy ; =1, j=1,...,M, £=1,...,L, and
2. Normal random sampling: wy ; ~ N (p = 0,02 =1).

The values of (B.2) presented in figure @] are chosen as the largest attained value from
strategy one and 500 runs of strategy 2.

Ensuring the assumptions hold

The weight vectors cannot be chosen freely, but are assumed to adhere to a unit norm-sum
constraint. To ensure that this condition holds, we will typically start out with an initial
set of weight vectors, which will be scaled onto the feasible set. Let W = {WZ}ZL:1 be a
collection of weight vectors, from which we create a set of vector fields fy, ¢ = 1,..., L.
Moreover, assume that for this set of vector fields

L
D llfeller > 1. (B.4)
=1

The scaling will be performed in a way that is similar to the methods of section 5.1} Find a
scalar a € (0,1] such that a5, [Ifellor < 1, ice.

1
« = min {17 Li} .
2= 1fellow

and then choose W = {C\!Wl}gL:y
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