QUOTIENT ELASTIC METRICS ON THE MANIFOLD OF
ARC-LENGTH PARAMETERIZED PLANE CURVES
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ABSTRACT. We study the pull-back of the 2-parameter family of quotient elastic metrics introduced
in [1] on the space of arc-length parameterized curves. This point of view has the advantage of
concentrating on the manifold of arc-length parameterized curves, which is a very natural manifold
when the analysis of un-parameterized curves is concerned, pushing aside the tricky quotient procedure
detailed in [2] of the preshape space of parameterized curves by the reparameterization (semi-)group.
In order to study the problem of finding geodesics between two given arc-length parameterized curves
under these quotient elastic metrics, we give a precise computation of the gradient of the energy
functional in the smooth case as well as a discretization of it, and implement a path-straightening
method. This allows us to have a better understanding of how the landscape of the energy functional
varies with respect to the parameters.
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1. INTRODUCTION

The authors of [1] introduced a 2-parameter family of Riemannian metrics G*® on the space of plane
curves that penalizes bending as well as stretching. The metrics within this family are now called elastic
metrics. In [3], it was shown that, for a certain relation between the parameters, the resulting metric
is flat on parameterized open curves, whereas the space of length-one curves is the unit sphere in an
Hilbert space, and the space of parameterized closed curves a codimension 2 submanifold of a flat space.
A similar method for simplifying the analysis of plane curves was introduced in [4]. These results have
been generalized in [5], where the authors introduced another family of metrics, including the elastic
metrics as well as the metric of [4], and studied in which cases these metrics can be described using
the restrictions of flat metrics to submanifolds. In particular they showed that, for arbitrary values of
the parameters a and b, the elastic metrics G*® are flat metrics on the space of parameterized open
curves, and the space of parameterized closed curves a codimension 2 submanifold of a flat space. These
results have important consequences for shape comparison and form recognition since the comparison of
parameterized curves becomes a trivial task and the comparison of un-parameterized curves is greatly
simplified. In this strategy, the space of un-parameterized curves, also called shape space, is presented
as a quotient space of the space of parameterized curves, where two parameterized curves are identified
when they differ by a reparameterization. The elastic metrics induce Riemannian metrics on shape
space, called quotient elastic metrics. The remaining difficult task in comparing two un-parameterized
curves under the quotient elastic metrics is to find a matching between the two curves that minimizes
the distance between the corresponding reparameterization-orbits. Given this matching, computing a
geodesic between two shapes is again an easy task using the flatness of the metrics.

In [2], a mathematically rigorous development of the quotient elastic metric used in [3] is given (i.e.,
with the parameters a = % and b = 1), including a careful analysis of the quotient procedure by the
reparameterization semi-group. The authors of [2] also showed that a minimizing geodesic always exists
between two curves, when at least one of them is piecewise linear. Moreover, when both curves are
piecewise linear, the minimizing geodesic can be represented by a straight line between two piecewise
linear curves in the corresponding orbits. In other words the space of piecewise linear curves is a
geodesically convex subset of the space of curves for the quotient elastic metric Gl Finally, in the
same paper, a precise algorithm for the matching problem of piecewise linear curves is implemented,
giving a tool to compare shapes in an efficient as well as accurate manner.

In [6], it was shown that, in the same context, a minimizing geodesic for the quotient elastic metric
Gil always exists between two ¢’!-curves v; and v, meaning that there exists two elements ¢; and ¢
in the reparameterization semi-group such that the straight line between 7; o ¢1 and 75 o ¢ minimizes
the geodesic distance between the orbits of «; and 2. However, the reparameterizations ¢; and ¢-
being a priori only absolutely continuous, it is not clear whether v; 0 ¢ and 7, o ¢5 can be chosen to be
%€*. In other words, it is (to our knowledge) not known whether the subset of ¢’!-curves is geodesically
convex. In addition, two Lipschitz-curves in the plane are constructed in [6] for which no optimal
reparameterizations exist.

In the present paper, we want to pursue another strategy for understanding the quotient elastic
metrics on shape space. Indeed, instead of identifying the shape space of un-parameterized curves with
a quotient space, we identify it with the space of arc-length parameterized curves. Given a shape in
the plane, this consists in endowing it with the preferred parameterization by its arc-length, leading to
a uniformly sampled curve. Note that any Riemannian metric on shape space can be understood as a
Riemannian metric on the space of arc-length parameterized curves. In the present paper, we endow
the space of arc-length parameterized curves with the quotient elastic metrics. In [7], the manifold of
arc-length parameterized curves was also studied, but the metrics used there are not the elastic ones.
In [8], the second author studied a similar metric and its shape geometry as identified with arc-length
parameterized curves; however the computation in Theorem 6.4 of [8] is incorrect since the horizontal
space is not computed correctly.

The present paper is organized as follows. In Section 2, we introduce the notation used in the
present paper, as well as the manifolds of curves under interest. In Section 3, we concentrate on the
smooth case, and compute the gradient of the energy functional associated to the quotient elastic
metrics G*®. In Section 4, we consider a discretization of the smooth case. This is an unavoidable
step towards implementation, where each smooth curve is approximated by polygonal lines, and each
smooth parameterized curve is approximated by a piecewise linear curve. Finally, in Section 5, an
algorithm for the two-boundary problem is presented, and some properties of the energy landscape
depending on the parameters are studied.
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2. MATHEMATICAL SETUP

2.1. Manifolds of based parameterized curves. In this section, we define the manifolds of plane
curves that we will consider in the present paper. First some motivation. Roughly speaking, shape
space consists of the set of curves in the plane. The difficulty is that although this space should be
an infinite-dimensional manifold, it does not have convenient coordinate charts. The typical approach
is to consider all parameterized curves v: [0,1] — R? (resp. v: S* — R? for closed curves), which is
a linear space and hence a manifold, then consider the open subset consisting of free immersions or
embeddings, then mod out by the group of diffeomorphisms of [0,1] (resp. S') which represent the
reparameterizations of a given curve (all of which correspond to the same shape). Here and in the rest
of the paper S' will denote the circle of length one given by

St =R/Z.

This quotient space admits a structure of smooth Fréchet manifold (see Theorem 1.5 in [9] for a detailed
construction of the coordinate charts in the smooth category), and the set of free immersions or embed-
dings is a principal bundle over this quotient space with structure group the group of diffeomorphisms
(see [10] for an overview of the theory). In this paper, we will identify this quotient space with the space
of arc-length parameterized curves, which is a nice submanifold of the space of parameterized curves
(see Theorem 3 and Theorem 8 below). See also section 3.1. in [11], where an analogous construction
is carried out for loops in R? and where the Kéhler structure of these loop spaces is explained. Let us
stress some choices we made:

e We will work with based oriented curves (that is, with a specified start and endpoint) rather
than closed curves; the advantage of this is that we have a unique constant-speed parameter-
ization. It is also closer to the implementation, where a curve is replaced by a finite number
of points, which are stored in a matrix and indexed from 1 to n. In our applications later the
curves will all happen to be closed, but the analysis will be independent of the choice of base
point (i.e., of the ordering of the points).

e We get a further simplification by restricting to those curves of total length one; then we get
a unit-speed parameterization, and we do not have to carry the length around as an extra
parameter.

e We will work with immersions rather than embeddings since the embedding constraint is some-
what tricky to enforce.

e Finally since our Riemannian metric (defined in the next section) will depend only on the
derivative 7/, we shall identify all curves up to translation, which is of course equivalent with
simply working with +' rather than v, where 7/ has to satisfy fol v'(s)ds = 0 for closed curves.

In this section, I = [0, 1] (for open curves) or I = S! = R/Z (for closed curves).

2.1.1. Curves modulo translations. Let k € N, and define a norm on the vector space €*(I,R?) of
differentiable curves of order k, v: I — R2, by

k
o ()
(1) [Vll&n : jEZIIggflv ()],

where, for z € R?, |z| denotes the norm of z.The purpose of starting the first sum at j = 1 instead of
j = 0 is to reduce to the quotient space by translations ¢’*(I,R?)/R2, so that only »’ matters. This
corresponds to considering curves in R? irrespective of their positions in comparison to the origin of
R2. The quotient vector space €% (I, R?)/R? endowed with the norm induced by (1) is a Banach space.
We could identify it with any complement to the subspace of constant functions, for instance with the
subspace €% (I, R?) of centered curves (i.e., curves whose center of mass lies at the origin of R?)

(2) CHILR?) = {v € €M(IR?), / S (s)ds = o} ,

or with the subspace 6§ (I, R?) of curves starting at z = 0
(3) @ (IR?) = {7 € €"(I,R?),7(0) = 0} ,

which are Banach spaces for the norm (1). Despite the fact that the identification of the quotient
space € (I,R?)/R? with a complement to R? in €*(I,R?) may seem natural in theory, it introduces
unnecessary additional constraints as soon as numerics are involved: indeed restricting ourselves to
centered curves implies that the tangent space to a curve contains only centered vector fields, i.e.,
vector fields Z along the curve which preserve condition (2), i.e., such that fol Z(s)ds = 0, and for
curves starting at the origin we get the constraint Z(0) = 0. Since the elastic metrics introduced
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in the next section are degenerate in the direction of translations, the distance between two curves
~v1 and 9 will match the distances between v; + ¢; and 2 + ¢y for any constants ¢; and cy. This
degeneracy property implies that in the numerics, we can freely choose how to represent a curves
modulo translation. Depending on what we want to emphasize, one may prefer the centered curves or
the curves starting at the origin.

2.1.2. Smooth immersions. Recall that v: I — R? is an immersion if and only if 7/(s) # 0 for all s € I.
In the topology given by the norm (1), the set of all ¢*-immersions is an open subset of the Banach
space €*(I,R?)/R?, hence a Banach submanifold of €*(I,R?)/R2. Tt is denoted by C*(I):

CFI) = {y e €*(I,R?*)/R? +/(s) #0,Vs € I} .

The vector space € (I,R?)/R? = N2, €% (I, R?)/R? of smooth curves v: I — R? modulo translations
endowed with the family of norms |||+ is a graded Fréchet space (see Definition I1.1.1.1 in [12]). The
space of smooth immersions

(4) C(I)= () CFI) = {y € €(I,R*)/R?+/(s) # 0,Vs € I}.
k=1

is an open set of €°°(I,R?)/R? for the topology induced by the family of norms ||-||4«, hence a Fréchet
manifold.

Remark 1. In the space of smooth immersions C([0,1]), we can consider the subset of curves « which
are closed, i.e., such that v(0) = (1), or equivalently such that fol v'(s)ds = 0. Let us denote it by
C.([0,1]). Then C(S*) € C.(]0,1]). Indeed a curve v € C(S') has all its derivatives matching at 0 and
1, whereas a curve in C.([0, 1]) may have a failing in smoothness at 0. Note that (S, R?) is a closed
subset in €°°([0, 1], R?) which is not a direct summand (see Example 1.2.2 in [12]). Moreover note that
the derivative which maps 7 to 7/ from €°°(I,R?)/R? into ¥>°(I,R?) is onto for open curves, but has
range equal to the closed subspace {f € €>°(S!,R?), fol f(s)ds = 0} for closed curves.

2.1.3. Length-one curves. We denote the subset of length-one immersions modulo translations by

(5) e = rec: [ pls=1

Recall that the implicit function theorem is invalid for general Fréchet manifolds, but is valid in the
category of tame Fréchet manifolds and tame smooth maps, and is known as the implicit function
theorem of Nash-Moser (Theorem II1.2.3.1 of [12], page 196). Recall that a linear map A: F} — Fj
between graded Fréchet spaces is tame if there exists some r and b such that |Af|l, < Cu|lf|ln+r for
each n > b and some constants C,, (see Definition I1.1.2.1 page 135 in [12]). A Fréchet space is tame
if it is a tame direct summand in a space X(B) of exponentially decreasing sequences in some Banach
space B. A nonlinear map P from an open set U of a graded Fréchet space Fi into another graded

Fréchet space Fs is tame if it is continuous and if there exists r and b such that

||P(f)||n < Cn(l + Hf”nJrr)

for each n > b and some constants C), (see Definition II.2.1.1. page 140 in [12]). A tame Fréchet
manifold is a manifold modelled on a tame Fréchet space, such that all transition functions are tame.

Proposition 2. The subset C1(I) of length-one immersions modulo translations defined by (5) is a
tame € -submanifold of the tame Fréchet manifold C(I) of immersions modulo translations defined
by (4) for the Fréchet manifold structure induced by the family of norms given in (1).

Proof. As an open set of €°°(I,R?)/R?, C(I) is a manifold with only one chart, hence a ¥ *°-manifold.
Moreover, C(I) is a tame Fréchet manifold in the sense of Definition II.2.3 in [12]. To see this, first
note that by Theorem I1.1.3.6 page 137 in [12], ¥°°(I,R) is tame since I is compact. Moreover by
Lemma I1.1.3.4. page 136, the Cartesian product of two tame spaces is tame. It follows that € (I, R?)
is a tame Fréchet space. By Lemma I1.1.3.3 in [12], the subspace 65°(I,R?) is also tame because its
complement is one-dimensional and any map from a tame Fréchet space into a finite dimensional space
is tame. Since the quotient €"*°(I,R?)/R? is isomorphic as a Fréchet space to €5°(I,R?), it is also
tame. Hence C(I) is modelled on a tame Fréchet space and since there is only one transition function
which is the identity hence tame, C(I) is a tame Fréchet manifold. Let us endow it with the complete
atlas consistent with this °° tame manifold structure. In particular, the following coordinate charts,
as used in [8], belong to the atlas: for each v € C we write

(6) ’y’(s) = e"(s)(COSG(S),SinQ(s)) _ ea(s)-i-z‘e(s)7
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where 0 € € (I,R) and 0 € €><(I,R). We get a diffeomorphism from the open set
{(0,0) € €°(I,R) x €*°(I,R), 0(0) €]6y + 27n, 0 + 2w(n + 1)[}

of the Fréchet space €°°(I,R) x €°°(I,R) onto the open subset of C(I) consisting of those curves
such that \’WY’Eggl #£ ¢ The coordinate transition functions are easily seen to be the identity in the

first component (since p is uniquely determined) and horizontal translations in the second component,
hence are clearly tame.
In (o, 0)-coordinates the condition (5) is described by the condition L(o) = 1, where

1
L(o) :/ e?(®) ds.
0

Hence C;(I) is the inverse image of a real function that is obviously €. The derivative of L with
respect to (o, f)-coordinates may be expressed as

0 1
DL(;0)(p, ) = altZOL(a +1ip, 0 +to) = /0 p(s)e"(S) ds;

the kernel of this map splits at any (o,0) € L™!(1) since we can write
1
(o) = (p=Coo) +(C.0). = [ plo)e s
0

where (p - C, gb) belongs to the kernel of DL(4 ), which is closed, and (C, O) belongs to a one-

dimensional subspace of €°°(I,R) x €°°(I,R), which is therefore also closed. Since the image of (C,0)
is obviously C', so the derivative is also surjective.
By the implicit function theorem of Nash-Moser (Theorem II1.2.3.1 of [12], page 196), Ci(I) is a
smooth tame submanifold of C(I).
]

2.1.4. Arc-length parameterized curves. Now we consider the space 7 (I) of arc-length parameterized
curves on I modulo translations:

(7) (1) ={yeCl) : |4 (s)| =1, Vs e I}.
Obviously 7 (I) C C1(I).

Theorem 3. The space < (I) of arc-length parameterized curves on I modulo translations defined by
(7) is a tame €°°-submanifold of C(I), and thus also of C1(I). Its tangent space at a curve v is

T, = {w € €< (S, R?),w'(s) - 7/(s) =0, VseS'}

Proof. The proof is very simple: the space @ (I) is closed and looks, in any (o, #)-coordinate chart,
like {(,0) : ¢ = 0}, which is just the definition of a submanifold. Since the (o, 6)-coordinate charts
are tame, 7 (I) is a tame submanifold of C(I). The fact that <7 (I) is also a smooth Fréchet tame
submanifold of C; (I) follows from the universal mapping property of submanifolds. The expression of
the tangent space is straightforward. O

2.1.5. Reparameterizations of curves. Reparameterizations of open curves are given by smooth diffeo-
morphisms ¢ € 27(]0,1]), the plus sign denoting that these diffeomorphisms preserve 0 and 1. For
closed curves, we will denote by 2% (S!) the group of diffeomorphisms of S! preserving the orientation.
In the following we will denote by ¢(I) either the group 27 ([0, 1]) when considering open curves (i.e.,
when I = [0,1]), or 27 (S') for closed curves (i.e., when I = S! = R/Z). By Theorem 11.2.3.5. page
148 in [12], 4(I) is a tame Fréchet Lie group.

Proposition 4. The right action T': C(I) x 4(I) — C(I), T'(v,v¢) = v o ¢ of the group of reparame-
terizations 9(I) on the tame Fréchet manifold C(I) is smooth and tame, and preserves C1(I).

Proof. Note that the action I of (I) on C([) is continuous for the Fréchet manifold structure on C(I)
since
k . .
d’ d’
”%O¢WOMWkFﬁgfbﬁ%@@»dﬂww@»
can be bounded by the chain rule in terms of ||y; —72 ||+ and ||¢||4x. It follows that I" is tame. Moreover
the action of 4(I) on C(I) is differentiable: considering a family ¢(t,s) € (1) and (¢, s) € C(I) with
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#¢(0,8) = ((s) in the Lie algebra Lie(4(I)) of 4(I), and v(0,s) = w(s) € ¢°°(I,R?)/R2. The
derivative of the action I' := (v, ¢) — yo ¢ is

(DF)(’Y,@ (w> C) = g 7<ta ¢(t> S)) ="t (ta ¢(t7 S)) + s (t7 ¢(t7 S))¢t(t7 S)

t1t=0

=w(d(s)) + 7' (d(s))¢(

Since the map which assigns v € C(I) to 7' € C(I) satisfies |V |ln < ||V]ln+1, it is a tame linear map
(with r = 1 and b = 1), continuous for the Fréchet manifold structure on C(I). Hence DI is continuous
as a map from a neighborhood of (v, ¢) in (1) xC(I) times the Fréchet space Lie(4 (1)) x ¢ (I, R?)/R?
into ¢°°(I,R?)/R?, and tame. More generally, the kth derivative of the action I' will involve only a
finite number of derivatives of the curve -, hence will be continuous and tame. O

(8)

t=0

2.1.6. Quotient spaces. Recall that an immersion v: I — R? is free if and only if the group of reparam-
eterizations ¢(I) acts freely on =, i.e., the only diffeomorphism 1 satisfying v o ¢ = v is the identity.
By Lemma 1.3 in [9], a diffeomorphism having a fixed point and stabilizing a given immersion is nec-
essarily equal to the identity map. Hence for open curves, every smooth immersion is free, since any
diffeomorphism in 271 ([0,1]) fixes 0 and 1. For closed curves, the set of free immersions is an open
set in the space of immersions (see [9], section 1). We will denote it by C/(I). Note that since I is
compact, any f € C(I) is proper. Recall the following theorem in [9]:

Theorem 5. (Theorem 1.5 in [9]) The quotient space Cf(I)/9(I) of free immersions by the group of dif-
feomorphisms 4(I) admits a Fréchet manifold structure such that the canonical projection w: C(I) —
CH(I)/4(I) defines a smooth principal bundle with structure group 4 (I).

Remark 6. Since ¢(I) stabilizes the submanifold C; (I) of length-one curves, the quotient C{ (I)/%(I)
inherites a Fréchet manifold structure such that C{(I)/%(I) is a submanifold of C¥(I)/¥(I). See also
[13] for a new slice theorem in the context of tame Fréchet group actions.

2.1.7. Orbits under the group of reparameterizations. The orbit of v € C1(I) with respect to the action
by reparameterization will be denoted by

0={yooloc9(I)}

The tangent space to the orbit & at v € C1(I) is the space of tangent vector fields along v (preserving
the start and endpoints when the curve is open), i.e., the space of vector fields which are, for each value
of the parameter s € I, collinear to the unit tangent vector v(s) = l?y/ig‘zgl Such a vector field can be

written w(s) = m(s)v(s), where m is a real function corresponding to the magnitude of w and such
that:

e m € ([0, 1], R) satisfies m(0) = 0 and m(1) = 0 for open curves,
e m € €°°(S!,R) for closed curves, in particular m(0) = m(1) and m/(0) = m’(1).

2.1.8. Projection on the space of arc-length parameterized curves. Any smooth curve in the plane admits
a unique reparameterization by its arc-length. This property singles out a preferred parameterized curve
in the orbit of a given parameterized curve under the group of reparameterizations.

Theorem 7. Given a curve v € C1(I), let p(y) € </ (I) denote its arc-length-reparameterization, so
that p(y) = v o ¢ where

1
()l

Then p is a smooth retraction of C1(I) onto <4 ().

(9) U'(s) ¥(0) = 0.

Proof. The definition of ¢ comes from the requirement that |(y o ¢)’(s)] = 1, which translates into
|7 (¥(s))|'(s) = 1. The additional requirement (0) = 0 gives a unique solution. It is not obvious
from here that ¢(1) = 1, but this is easier to see if we let £ be its inverse; then &’(t) = |4/(¢)|, and since
« has length one and £(0) = 0 we know £(1) = 1; thus also 1(1) = 1. The image of this map is of course
in o7 (I). Smoothness follows from the fact that ¢ depends smoothly on parameters as the solution of
an ordinary differential equation, together with smoothness of the right action I'(vy, %) = v o). The
fact that p is a retraction follows from the obvious fact that if |y/(s)| = 1, then the unique solution of
(9) is ¢(s) = s, so that p|u, (1) is the identity. O
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2.1.9. Identification of the quotient space with the space of arc-length parameterized curves. The iden-
tification of the quotient space C1([0,1])/94([0, 1]) with the space <7 ([0, 1]) of arc-length parameterized
curves relies on the fact that given a parameterized curve there is a unique diffeomorphism fixing the
start and endpoints which maps it to an arc-length parameterized curve.

Theorem 8. 7 ([0,1]) is diffeomorphic to the quotient Fréchet manifold C1([0,1])/%4(]0,1]).

Proof. Since p(vy o) = p(7) for any reparameterization ¢ € ¥([0, 1]), we get a smooth map

p: C1([0,1])/9([0,1]) — 2A([0,1]),
which is clearly a bijection, and its inverse is wot where 7 is the quotient projection and ¢ is the smooth
inclusion of 2 ([0, 1]) into C1 ([0, 1]). O

For closed curves, the subgroup S! of 4(S') acts on a closed curve « by translating the base point
along the curve: v(s) — (s + 1) for 7 € S'. One has the following commutative diagram, where the
vertical lines are the canonical projections on the quotients spaces.

p: Cl(Sl> — ,5271(81)

i 1
Ci(8Y/9(sh) — eA(sh)/s!

=Nl WDXO®

FIGURE 1. Some parameterized closed immersions v in the plane.

3. QUOTIENT ELASTIC METRICS ON SMOOTH ARC-LENGTH PARAMETERIZED PLANE CURVES

3.1. Definition of the elastic metrics. For I = [0,1] or I = S' = R/Z, we will consider the following
2-parameter family of metrics on the space C;(I) of plane curves:

(10) G (w,w) fo ( (Dyw - v)? —|—b(Dsw,n)2) |/ (t)] dt,

where a and b are positive constants, N is any parameterized curve in C1(I), w is any element of the
tangent space T,,C1(I), with Dyw = 5l ,| denoting the arc-length derivative of w, v = +'/|y/| and n = v=.

These metrics have been introduced in [1], and are now called elastic metrics. They have been also

studied in [5] with another convention for the coefficients (a in [1] equals b* in [5], and b in [1] equals

a? in [5]). For w; and ws two tangent vectors at « € C1(I), the corresponding inner product reads:

(11) Gab(wy, wy) f0< (Dywy - v)(Dsws - v)+b (Dywy - n)(Dyws - n))|’y’(t)|dt.

The metric G*? is invariant with respect to the action of the reparameterization group ¢ (I) on Cy([)

and therefore it defines a metric on the quotient space C{ (I)/%(I), which we will refer to as the quotient
elastic metric.

3.2. Horizontal space for the elastic metrics. Let us now consider an initial curve v located on
the submanifold 7 (I) of curves parameterized by arc-length and of length 1. Recall that in this
case, one has |7/(s)| = 1 and D, = %. Any tangent vector u € T,0 at v € @4 (I) can be written
as u(t) = m(t) v(t) where m € €°°([0,1],R) satisfies m(0) = 0 and m(1) = 0 for open curves and
m € € (S*,R) for closed curves. The orthogonal space to T, & for the elastic metric G* on Cy(I) is
called the horizontal space at ~.

Proposition 9. The horizontal space Hor at v € < (1) is
(12) Hory = {w € T,C1(I), (w'-v) = 2k (v -n)}.
Proof. Let w=mv € T,,0. One has:

u v =m/(s), u' -0 =m(s)k(s).

The horizontal space at + consists of vector fields w € T,Cy (I) such that for any function m € € (I, R)
(with m(0) = m(1) = 0 for open curves), the following quantity vanishes:

0 =G (w,mv) = fol (am/(s) (w'(s) - v(s)) + bm(s)k(s) (w'(s) - n(s)))ds.
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After integrating the first term by parts, one obtains the following condition on w, which has to be
satisfied for any real function m € ¢°°(I,R) (with m(0) = 0 and m(1) = 0 for open curves):

0= fol m (—a(w' - v)" + bk (w' - n)) ds.

Using the density of such functions m in L?(I,R), this implies that the equation defining the horizontal
space of the elastic metric at v is

(13) (w'-v) = gn(w’~n).
O

3.3. Quotient elastic metrics. Since the reparameterization group preserves the elastic metric G*?,
it defines a quotient elastic metric on the quotient space C1([0,1])/4([0, 1]), which we will denote by

—a,b

G. By Theorem 8, this quotient space is identified with the submanifold < (]0,1]), and we can

pull back the quotient elastic metric "’ on @ ([0,1]). We will denote the corresponding metric on
24 ([0,1]) by G*®. The value of the metric G** on a tangent vector w € T,.%([0,1]) is the value of

—a,b

G (w], [w]), where [w] denotes the equivalence class of w in the quotient space T,C:([0,1])/T, . By
definition of the quotient metric,
G = inf G*
(1wl o) =, inf | G0+ w0+ )
where u ranges over all tangent vectors in T, 0. If T,,C, ([0, 1]) decomposes as T,,C1 ([0, 1]) = T,0 @ Hor,
this minimum is achieved by the unique vector Pj,(w) € [w] belonging to the horizontal space Hor, at
~. In this case:

(14) G (w, w) = G“P(Py(w), Py(w)),

where Pj,(w) € T,C1([0, 1]) is the projection of w onto the horizontal space, i.e., is the unique horizontal
vector such that w = Pp(w) + u with v € T, 0.

Proposition 10. Let w be a tangent vector to the manifold < ([0,1]) at v and write w' = ®n, where
® is a real function in €°°([0,1],R). Then the projection Py (w) of w € T,2# ([0, 1]) onto the horizontal
space Hor,, reads Pp(w) = w —mv where m € €°([0, 1], R) is the unique solution of

(15) —om 4 km = k0, m(0) =0, m(1) =0,

Proof. Recall that a tangent vector w to the manifold @4 ([0, 1]) at v satisfies w’ - v = 0, where v is the
unit tangent vector field of the curve . Hence, for any w € T,.4% ([0, 1]), the derivative w’ of w with
respect to the arc-length parameter reads w’ = ®n, where ® is a real function in €>°([0, 1], R). One
has

(16) Pp(w) = ®n—m'v—mkn,

hence Pp(w)' -v = —m/ and Py(w)’ - n = (® — mk). The condition (13) for P, (w) to be horizontal is
therefore (15). Equation (15) is a particular case of Sturm-Liouville equation —(pm’)’ + ¢m = f with
homogeneous boundary condition m(0) = 0 and m(1) = 0. Here p = ¢ > 0 and ¢ = x* > 0. The
fact that equation (15) has a unique solution follows from Lax-Milgram Theorem (see section 8.4 in

[14). O

For closed curves, the tangent space to .dlf (S') at  contains the vector space of vector fields of the
form cv where c is a constant and v = /. These vector fields generate the translation of base point,
which is the natural action of the subgroup S' of 4(S'). One has

T, (SHYNT,6 =T, (S*-7),
where S - v = {s — ~(s + 7),7 € S'}. Therefore one can consider the horizontal projection
Py Ty (S1)/S' — Hor,,, where [7] denotes the projection of v on the quotient space o (S')/S".
We will denote by [w] the projection of w € T, (S") on the tangent space Tj,.%%4 (S')/S'. Note that
[w] = {w+ ¢v,c € R} and that fol w'(s)ds = 0.

Proposition 11. Let w be a tangent vector to the manifold < (S') at v and write w' = ®n, where ®
is a real function in €>°(S*,R) such that fol ®(s)n(s)ds = 0. Then the horizontal projection Pp([w])
of [w] onto the horizontal space reads Pp,([w]) = [w —mv] where m € €>°(S*,R) is the unique periodic
solution of

(17) —%m” + K*m = Kk®.
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Proof. As before the condition for w—m v to be horizontal is (15). The question is whether there exists
a periodic solution m of the equation for given periodic functions x(x) and ®(x). Since (s +1) = k(s)
and ®(s+1) = ®(s), we would like to satisfy m’(1) = m/(0) and m(1) = m(0). By the equation satisfied
by m, it will imply that m is a smooth periodic function on S*. Let y(s) and y2(s) be solutions of the
equation y”(s) — x(s)%y(s) = 0, with initial conditions y;(0) = 1, ¥} (0) = 0, y2(0) = 0, and %5(0) = 1.
Then Abel’s formula implies that the Wronskian is

W(s) = y1(s)ya(s) — y2(s)yi(s) = 1.

And variation of parameters gives us the solution
m(x) = c1y1(s) + caya(s) — v1 (s)/ K(z)®(z)y2(x) dx + ya(s) / k(z)®(z)y1 (x) d,
0 0

where ¢; = m(0) and ¢y = m/(0).
The question is how to choose ¢; and ¢z so that m(1) = ¢; and m/(1) = ¢3. We clearly end up with
the system

a1 [y1(1) = 1] + caya(1) = Byi (1) — Aya(1)
cayy (1) + 2 [y (1) — 1] = Byi(1) — Ags(),
where
1 1
A= / K(2)P(x)y1 (z) da and B= / K(2)P(x)ys(z) da.
0 0
This has a solution if and only if the determinant

6= [y1(1) = [ya(1) — 1] — ya(1)y5 (1)

is nonzero. Note that since the Wronskian is constant, we can write 6 = 2 — y4(1) — y1(1).
To further see what’s happening, we now use the reduction of order trick to write y2(s) = ¢(s)y1(s),

where
S dx
#ls) = /0 n (95)2

It is obvious from the initial condition and the fact that #(s)? is positive that y;(s) is strictly increasing
for s > 0, and y{(s) is nonnegative for s > 0. Thus ¢ is always well-defined. We now have y4(1) =
¢ (D)yr (1) + &(1)y; (1), and thus our formula is

soo- —ya(n/od“"—yl(l)

y1(2)?

o ey [ 4T
=~ ()= 1/m(F - 50) [

We see that the only way this can be zero is if y;(1) = 0 and y;(1) = y1(1), and both these conditions
are equivalent to y;(s) actually being constant, which only happens if x(s) is identically equal to zero
on [0,1]. Hence unless the curve is a straight line, one can always solve the differential equation and
get a unique periodic solution m. Since v is a closed curve, v cannot be a straight line. O

Denote by G the Green function associated to equation (15). By definition, the solution of

(18) —%m” + K2m =,

where ¢ is any right-hand side, is

where m satisfies the additional condition:

e m(0) =0 and m(1)=0 for open curves,
e m is periodic for closed curves.

Remark 12. Using (16), observe that for any tangent vector w € T,,.2# (I) with w’ = ®n, one has
(19) G (w,w) = fol (a(m’)? + b(® — mr)?) ds,
where m satisfies (15) for open curves and (17) for closed curves.

We will also need the following expression of the quotient elastic metric on 7 ([0, 1]).
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Theorem 13. Let w and z be two tangent vectors in T,.2#([0,1]) with w' = ®n and 2’ = ¥n, where
O,V € ¢°°([0,1],R). Write Py(z) = z—pv, where p satisfies —ap” +bk*p = bx¥ with p(0) = p(1) = 0.
Then the scalar product of w and z with respect to the quotient elastic metric G on the space of arc-
length parameterized curves 71 ([0,1]) reads

(20) Gb(w,z) = fol b® (¥ — kp)ds.

Proof. Denote respectively by Pp(w) and Py(z) the projections of w and z on the horizontal space,
and define m,p € €>([0,1],R) by Pp(w) = w —mv and P,(w) = z — pv. Since the horizontal space
is the orthogonal space to T, & for the elastic metric G*?, one has

G (w,2) = G*°(Py(w) — mv, Py(2) — pv) = G¥*(Py(w), Pu(2)) + G**(mv,pv).
It follows that
Go(w,z) = G(Py(w), Py(2)) = G¥*(w,z) — G=“P(mv,pv)
= fol (b®V — am'p’ — b?mp) ds.
After integrating the second term by parts, one has
Go(w,z) = fol (b®W + p(am” — br*m)) ds.
Using the differential equation (15) satisfied by the function m, we obtain (20). O

For closed curves, the same construction gives a Riemannian metric on the quotient space <7 (S!)/S'.
We can extend the definition of this metric to the space 27 (S*)/S! by the same formula. We get the
following result:

Theorem 14. Let w and z be two tangent vectors in T,<#i(S') with w' = ®n and 2’ = ¥n, where
O,V € €°(SYL,R). Write Py([z]) = [z — pv], where p satisfies —ap” + br?*p = bW with periodic
boundary conditions. Then the scalar product of [w] and [z] with respect to the quotient elastic metric
G on the space of arc-length parameterized curves <, (S')/S reads

(21) Gob(lw], [2]) = Jy b® (U — rkp) ds.

Proof. Let us check that the expression of G%?([w], [2]) does not depend on the representative of [w]
and [z] chosen. Set zo = z + cv for some constant ¢ € R. Then 2z, = 2/ + ckn = (¥ + ck)n.
Denote by py the solution of —ap} + bk?py = br(¥ + ck) with periodic boundary conditions. Then
—a(ps — ¢)" + br?(p2 — ¢) = bxW. By uniqueness of the solution of equation —ap” + bk?p = bk¥, one
has p = py — c¢. Therefore

/bq)((‘ll—l—c)—/ﬁpg)ds:/ bd (U — kp) ds.
0 0

By symmetry, one also has the independence with respect to the representative of [w]. O

For closed curves, this Riemannian metric can be lifted in a unique way to a degenerate metric on
/1 (S') with only degeneracy along the fibers of the projection <7 (S') — <7 (S')/S!. The advantage
of the degenerate lift is that it allows to compare closed curve irrespective of the position of the base
point. This situation is analogous to the one encountered in Section 2.1.1, where the degeneracy of the
metric was along the orbits by space translations. See also [15] where this idea is used in the context
of 2-dimensional shapes.

3.4. Definition and derivative of the energy functional. In this section we will determine the gra-
dient of the energy functional corresponding to the metric G*° on the spaces < ([0, 1]) and @4 (S')/S!
of arc-length parameterized curves. We will use the following conventions:

- the arc-length parameter of curves in 7 (I) will be denoted by s € I,
- the time parameter of a path in 27 (I) will be denoted by ¢ € [0, T7,
- the parameter € € (=, +6) will be the parameter of deformation of a path in 7 (I).

Consider a variation : (=4, 4+8) x [0, T] x I — R? of a smooth path in @ (I). In general in the following
sections we will denote partial derivatives by subscripted index notations. Note that, since any curve
in & (I) is parameterized by arc-length, the arc-length derivative =y, of 7 is a unit vector in the plane
for any values of the parameters (g,t, s), previously denoted by v. For this reason, we will write it as

(22) vs(e,t,8) = (cosB(e,t,s),sinb(e,t,s)),
where 6(e, t, s) denotes a smooth lift of the angle between the z-axis and the unit vector v(e,t,s) =

vs(g,t, s). In particular for closed curves, 6(-,-,0) = 2nR + 0(-,,1) where R is the rotation number of
the curve.
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Definition 15. For any € € (—§,44), the function ¢ — ~(e,t,-) is a path in & (I), whose energy is
defined as

PO
E(E) = 5/ Gg" (’Yta'yt)dta
0
where v; is the tangent vector to the path ¢t — (e, t,-) € & ().

Theorem 16. Consider a variation v: (—8,+6) x [0,T] x I — R? of a smooth path in <, (I), with
vs(g,t,8) = (cosb(e,t, s),sinfb(e,t,s)) for some angle O(e,t,s). Then the energy as a function of € is
given by

1 /T 1
(23) E(e) = 5/0 /0 (am?2 + b(0; — 6,m)?) dsdt,
where m is uniquely determined by the condition
(24) —amgs + b0>m = b0,6,,

with m(0) = m(1) = 0 for I = [0, 1] and periodic boundary conditions for I = S' = R/Z. The derivative
of the energy functional is given by

dE T 1

(25) —(0) :/ / 0:(t, s)E(t, s) ds dt,
de o Jo
where
1
(26) gf = —0u + 9, (0sm) + 05 (0;m) — 05 (0,m7).
Proof. Equation (22) implies in particular that
Yss(e,t,8) = 0s(e,t,8) (—sinb(e, t, s),cos (e, t, 8)) = Os(e,t, s)n(e, t, s),

where s — n(e, t,s) = (—sinf(e, t, s), cos0(e, t, s)) is the normal vector field n along the parameterized
curve s — y(e, t,s). In particular, the curvature (e, t, s) of the curve s — (e, t, s) at y(e, t, s) reads

k(e t,s) = 05(e,t, s).

For closed curves, one has 0s(e,t,s) = 0s(e,t,s + 1) since the curvature is a feature of the curve.
Furthermore the arc-length derivative of the tangent vector 7; along the path t — (e, t, s) reads

’Yts(ea t, 8) = ’}/st(ea t, S) = 015(67 t, S) n(€7 t, S)
For I = S!, since « is a path of closed curves, v(e,t,8) = vy (e,t,s + 1) and 04(e,t,5) = O;(c,t, s + 1).
Denote by m € €°°([0,T] x I,R) the solution, for each fixed ¢, of

(27) —%mss(t, s) + 02(t, s)m(t, s) = 0,(t, $)0, (¢, s),

with m(t,0) = m(t,1) = 0 for I = [0, 1] and periodic boundary conditions for I =S, i.e.,

1
(28) m(t,s) = / G(t: 5,2)0, (1, )6, (1, 2) e,

where G is the (time-dependent) Green function associated to equation (18) (we have omitted the

dependency on ¢ here in order to improve readibility). Using the expression of the metric Gab given
in (19) with ® = 6; and k = 0, one has

T .1
E(e) = %/0 /o (amg +b(0; — Hsm)z) ds dt.

Note that the e-derivative 7. at ¢ = 0 is a vector field along the path ¢ — ~(0,¢,s). Hence for
any fixed parameter t € [0,7], s — 7.(0,t,s) is an element of the tangent space T’ o,y (1) whose
arc-length derivative reads

(29) 'Yss(oatvs) = es(oatas) H(O’tvs)'

The derivative of the energy functional with respect to the parameter ¢ is therefore

dE T 1
E(O) = / / amgmge + b(0; — 0sm) (0 — Osem — Osm.) ds dt.
o Jo

Integrate the first term by parts in s, and we obtain
dE T ,1 T /1
E(O) = / / b(0; — 0sm) (0. — mbs.) ds dt + / / me(—amgss — 005 + b@?m) dsdt,
0o Jo 0 Jo

and the last term vanishes by equation (24). Integrating by parts in s and ¢ to isolate ., we obtain
(25)—(26) O
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3.5. Gradient of the energy functional. In Theorem 16, the derivative of the energy functional
is expressed as the integral of an L2-product, i.e., as a 1-form. In order to obtain the gradient of
the energy functional, we need to find the vector corresponding to this 1-form via the quotient elastic
metric G* on o/ (I). In other words, the aim is to rewrite the derivative of the energy functional,
given by (25)—(26), as

(30) 0= / G (e, VE(7))dt,

for some vector field VE(v) along the path « in o7 (I). Deforming the path v in the opposite direction
of VE(~) will then give us an efficient way to minimise the path-energy of v, and a path-straightening
algorithm will allow us to find approximations of geodesics.

Based on equations (20) and (21), finding this Riemannian gradient now reduces to solving the
following problem for each fixed time: given functions x(s) and £(s), find a function B(s) such that

(31) B(s) — k(s)h(s) = &(s), where ah” (s) — br(s)*h(s) = —bk(s)B(s),

with boundary conditions h(0) = h(1) = 0 for open curves, h(0) = h(1) and h’'(0) = h'(1) for closed
curves. At first glance this problem seems rather tricky, since in terms of the Green function G defined
by (18), we have h = G x (kf), and so (31) appears to become h — kG % (kh) = £, which would require
inverting the operator I — MK M,, where K is the operator h — G x h and M, is the operator of
multiplication by x. What is remarkable in the following theorem is that this computation actually
ends up being a lot simpler than expected due to some nice cancellations.

Theorem 17. Consider a variation v: (=8,+6) x [0,T] x I — R? of a smooth path in </ (I), with
vs(g,t,8) = (cosB(e,t,s),sinb(e, t,s)) for some angle (e, t,s). Then the gradient VE determined by
formula (30) satisfies (VE)4(0,t,s) = B(t, s)n(t,s) with
(32)

1

5069 = 3000~ 20.0.09) [ ([0t tmar) as s [ ([ swewa) a

or equivalently
(33) B(t,5) = €(t,5) = 0u(0, Shmelt, ) = £CO0(1,9)
+ %QS(t,s) /S (mw(t,m)2 + gez(t,x)Qm(t,x)Q - gﬂt(t,x)Q) dx,
0

where £ is given by (26), m satisfies (27), and C(t) is given by

(34) Clt) = /O 0. (L, 5)0, (L, 5)m(t, 5) ds — /0 0,(t, 5)? ds.

Proof. By Theorem 16, the derivative of the energy functional is the integral of (0., &) where ¢ is given
by (26). Recall that 6. is related to the derivative 7. by 7es = 6. n. Comparing with the expression of
the quotient elastic metric (20), it follows that

(6.,6) =G“*(y.,VE),

where ¢ = b (3 — kh), and where 3 and h are related to VE by (VE), = n and —ah” + bx2h = bk 3.
Note that £ determine the functions 8 and h since the relation b5 = £ + bkh implies

—ah” = K¢.

A first integration gives
1

x

W)=~ [ sy e
0

for some constants ¢; and a second integration gives

(35) o= [ ( [ ey de+ s+ o

a

for some other constant cs.
For open curves, using the condition 2(0) = h(1) = 0, we obtain c; = 0 and ¢; = < fol (Jy sW)é(y)dy) da.

Therefore
v =1 [ ([ -wwewar) ars Lo [ ([ s ax
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Bls) = 3(s —fns// Ely)dy da + r(s)s /01 (/jn(y)&(y)dy)dx.

Substituting £ = 6, gives (32).
Moreover by formula (26) we have

(36) KE = —0504 + 20,0:5m + 02my + 0,0,ms — 050,m? — 20%mm.
But also differentiating (27) in time gives
aMgst — b&fmt = 2b0393tm — b@stﬁt — bHSGtt,

and eliminating 060y in (36) gives the equation

and

KE = §Mist + 0540y + 050ims — 0s.0,m> — 20§mms.
Now substitute from (27) the relation 0,6; = 6%m — Mg, and we obtain
—hss = K§ = $Mmgst + 050 — Fmemgs — 0ss0sm2 — HEmmS.
The right side is now easy to integrate in s, and we get
(37) —ahs = amg + 1007 — Lam?2 — 2002m* + LC,

where the constant C' is chosen so that both sides integrate to zero between s =0and s =1 (since
h(0) = h(1) = 0). Multiplying both sides of (27) by m and integrating from s = 0 to s = 1, we conclude
that C(t) satisfies (34). Another integration in s gives the formula

(38)  h(t,s) = —my(t,s) + %/O mg(t, ) dz + %/0 0,(t, )*m(t,z)* — 0,(t,x)> dw — L C(t)s.

Since m(t,0) = m(t,1) = 0 for all ¢, this clearly vanishes at s = 0 as it should; furthermore it is easy
to check that it also vanishes at s = 1 by definition of C. Plugging h given by (38) into the formula
B = 1&+ kh, we obtain (33) as desired.

For closed curves, using the conditions h( ) = h(1) and A'(0) = K/(1) in (35), we obtain ¢; =

L fo (fy £()&(y)dy) da and the condition fo )¢(s) ds = 0, which is satisfied by (37) since the right
hand side is perlodlc Note that there is no condltlon on co as expected. We take co = 0 in order to
match the formula for open curves. O

Remark 18. Given the derivative of the gradient flow (VE),(0,t,s) = (¢, s) n(t, s) with 8(¢, s) given by
(32) or (33), we have flexibility in the choice of the constant of integration to obtain VE. This is related
to the fact that the curves are considered modulo translations (see Section 2.1.1). In the numerics
we used the condition VE(0) = 0, which corresponds to representing curves modulo translations as
curves starting at the origin. Furthermore, there is no guarantee that fol B(t,s)n(t,s) = 0, in other
words the gradient may not preserve the closedness condition. Since the space of closed curves is
a codimension 2 submanifold of the vector space of open curves, we have to project the gradient of
the energy functional to the tangent space of the space of closed curves. This projection is given by
VE(s) — VE(s) — sfo VE(z)dz.

4. QUOTIENT ELASTIC METRICS ON ARC-LENGTH PARAMETERIZED PIECEWISE LINEAR CURVES

4.1. Notation. Let us consider a “chain” given by points joined by rigid rods of length 1/n.
denote the points by 7, for 1 < k < n, and periodicity is enforced by requiring 7,11 = 1 and 9 = Vi,
We let

Vi = n(Vk+1 — Vk)
denote the unit vectors along the rods, and 5 be the angle between the x-axis and vy, so that

Vi = (cos O, sin O).
The unit normal vectors are defined by
ng = (—sin O, cos ).
We will also introduce the variation of the angles 0y:
Ap =0, — 05 1.

Vector fields along a chain are denoted by sequences w = (wg : 1 < k < n). A vector field w preserves
the arc-length parameterization if and only if

d
£|t:0|%+1(t) — ()] = 2(wpy1 — wr, vi) =0,
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for any k, where ~4(t) is any variation of -y, satisfying wy = +,(0). In particular, any vector field
preserving the arc-length parameterization satisfies
W1 — Wi = Py,

for some sequence ¢ = (¢ : 1 < k < n).

4.2. Discrete version of the elastic metrics. The discrete elastic metric is given by

n

(39) G(w,w) =n Z (a{wps1 — wi, Vi) + blwgg1 — wi, ng) %),
k=1

which clearly agrees with (10) in the limit as n — oo using w(k/n) = wy. In addition this metric has

the same property as (10) in that the a term disappears when w is a field that preserves the arc-length

parameterization. For two vector fields w and z, the expression of their G*? scalar product reads

(40) G (w, 2) = NZ (a{Wit1 — Wiy Vie) (21 — 2ks Vie) + b(Whp1 — Wi, M) (Zig1 — 2, k) ).
k=1

For further use note that if w preserves the arc-length parameterization and z is arbitrary,

n

(41) Ga’b(wa z)=n Z b{wrt1 — Wi, Ng) (21 — 2k i)
k=1

4.3. Horizontal space for the discrete elastic metrics. Assume now that w preserves the arc-
length parameterization, and write n(wg11 — wk) = ¢gny for some numbers ¢. The “vertical vectors”
will still be all those of the form uy = g vy for some numbers gg, although it is not clear in the discrete
context if these actually represent the nullspace of a projection as in the smooth case. Let us show the
following:

Theorem 19. If (wi : 1 < k < n) satisfies n(wgt1 — wi) = ¢png, then its projection onto the
orthogonal space to the space spanned by vectors of the form uy = gp vi, with respect to the discrete
elastic metric (39) is

(42) Ph(w) =Wk — Mk Vi

where the numbers my, satisfy

(43) %sin Axdr—1 = (a + acos’ A, + bsin® Ap)mi — acosAgmig—_1 — acosAgp1Mpt1
with vi, = (cos O, sinby) and Ag = 0 — O_1.

Proof. For every vertical vector (gxvy) for any numbers g, we want to see G%*(w — mv, gv) = 0. We
therefore get

M=

(W1 — Wk — Mi1 Vi1 + MkVE, Vi) (Ght1Vh+1 — J& Vi, Vi)

=~
Il

1
+ (W41 — Wi — Mk 1 Vi1 + MV, 05) (Gkt1 Vi1 — Gk Vi, k)

M=

a(mp — Mig1(Vet1, Vi) ) (Gr+1 (Ve+1, Vi) — Gk)

=~
Il

1
+ b3 Bk — M1 (VE+1,108) ) b4 1(Vit1, k) -
Using the identities
(Vi41,VE) = €08 O 11 o8 O + sin 041 sin 0, = cos A1,

and
(Vi41,0k) = — 08 011 sin Oy, + sin 11 cos O, = sin Ay,

one gets
n
0= Z Ik [a(mk,l — my cos Ag) cos A — a(my — mp41 €08 Agt1)
k=1

+ %bd)k_l sin Ak — bmk sin2 Ak:| y

after reindexing. Since this must be true for every choice of gx, we obtain (43). O
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Remark 20. Tt is easy to check that (43) is a discretization of (24), as expected. Note that equation (43)

can be rewritten as
sin Ay ¢y,

sin Ag ¢y %é
b sin Az o m3
— . =T
n : .
Sin Ay —1¢n—2 Mn—1
sin Ay ppn—1 Mn
where T is a cyclic tridiagonal matrix of the form
dl T2 0 0 - 0 0 T1
T2 dg T3 0 .- 0 0 0
0 T3 d3 T4 """ 0 0 0
(44) T =
0000 7'7,,._1 dn'—l T.n
77 0 0 0 -~ O Tn dn
with d, = a + acos? Ay, + bsin? Ay, and 7. = —acosAy. Note that T is a small deformation of a

tridiagonal matrix which can be inverted in O(n) operations using Thomas algorithm. Observe that
dp, > Tr +Tk+1 as soon as cos Agyq > —%7 hence the matrix T is strictly dominant as soon as the angles
between two successive rods are small enough, and this can be easily achieved by raising the number of
points. This implies that Thomas algorithm is numerically stable ([16]). See [17] where algorithms are
presented to invert cyclic tridiagonal matrices. Other algorithms for the solution of cyclic tridiagonal
systems are given for example in [18].

4.4. Definition and derivative of the energy functional in the discrete case. Consider a path
t — (t), 0 < t < T, preserving the arc-length parameterization (i.e., the length of the rods) and
connecting two positions of the chain v, ; and 72 ;. Write

Vi1 (t) — e (t) = Tvi(t) = L (cos O (t), sin Ok (t)).
We will use a dot for the differentiation with respect to the parameter ¢t along the path. In particular
w = 4 is a vector field along the chain v satisfying

W1 (1) — wi(t) = L0p (g ().
Let Ap(t) = 0(t) — 0x_1(t). Given a variation € — x(e,t), € € (=9,9), of the path v4(0,t) = v (?)
preserving the arc-length parameterization, let us compute the energy functional for the discrete elastic

metrics and its derivative at ¢ = 0. We will use a subscript ¢ for the differentiation with respect to ¢,
in particular we will use the notation

d
dfg\szo (Yrt1(e,t) = v(e,t)) = %95,1@ ny(0,1).

Theorem 21. Suppose we have a family of curves vi(g,t) depending on time and joining fixed curves
Y1k and ya i (which is to say that v, (e,0) = v, and vx(e,T) = a1 for all e and k). Then the energy
as a function of € is

T n

(45) E(e) = g/ Z (a(mk — M1 COS Ak+1)2 + b(%@k — M1 Sin Ak+1)2) dt,
0 k=1

where m satisfies (43) with ¢ = 0. Its derivative at e = 0 is given by

dE T1¢

)= [ =N 70400, (1) dt,

£ 0= 50080
where & is given by

(46) & = —bék + bn(mk_;,_l sin Ak-{-l + M1 COS Ak+1ék+1 — Mg COS Akék_1)
+n2(b — a)(mj, sin Ay cos Ay — mZ,q sin Ajp1 cos Agy1)
+ aank (mk_l sin Ak — Mk+1 sin Ak+1).
Proof. By Theorem 19, the horizontal projection of the velocity vector w = ¥ is given by Pp(w) =
wy, — my vy where m satisfies (43) with ¢ = 0. Hence the energy is

n

T
(47) E(e) = %/ Za<’wk+1 — Wk — M1 Vk+1 T+ mkvk,vk>2
0 k=1

+ b(Wh1 — Wi — M1 Vi1 + MyVi, ng )2 dt,
which reduces to (45).
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To compute the derivative of the energy functional, we first simplify (45) by expanding and rein-
dexing to obtain

n
>3
k=1

E(e) =

|3

T
/ (%91%71 — 22 my0_1 sin Ay + bmj sin® Ay,
0

+ ami — 2amy_1my cos Ay, + ami cos? Ak.> dt.

Now let 9y, = %k:o, v =Y — Yr_1, and g = %E:U We then get

dE

no.T
E(O) = nZ/ (%91@711/%71 — Lty sin A — Lmyfy_y cos Mgy
k=10

+ (b — a)m3 sin Ay, cos Agvy + amy_1my sin Akyk) dt
n T b .
+n2/ gk<_ — 01 sin Ag + bmy, sin? A+ amy,
k=170 n

— amy_1 €os A — amyy1 cos Agy1 + amy cos? Ak> dt.

But notice that the term multiplied by g5 vanishes since my, satisfies (43); hence it is not necessary to

compute the variation g,. All that remains is to express every term in %(O) in terms of ¢ either by

reindexing or integrating by parts in time, which is straightforward and leads to (46). O

4.5. Gradient of the discrete energy functional. Let us compute the gradient of the discrete
energy functional with respect to the quotient elastic metric G**. Considering equation (46), let us
first compute 7.

Lemma 22. Let G denote the inverse matriz of the matriz T in (44), so that
S b . .
(48) mj = ];ijﬁgbk_l sin Ay for all j,

where A, = 0, — 0,1 for some angles Oy. If 04 (t) depends on time and ¢y (t) = 9k(t), then we have
the formula

. - b . . b L _ .
(49) m; = Z Gjk (E sin Ap0p_1 + - cos ApOr_1Ak + 2(a — b) sin Ay cos Agmp Ay

k=1

— asin Akmk—lAk — asin Ak+1mk+1Ak+1>.

Proof. We just compute the time derivative of each term of equation (43) and notice that the terms
involving iy, are

bsin? Aty 4+ arig + a cos® Aprng — a cos Aprig_1 — @ cos Agp1Mg41-

Hence we need to invert the same matrix T to solve for 7, as we do to solve for my. The remainder
is straightforward. O

Finally let us rewrite the /2-product in (46) as an G%*-inner product, analogously to Theorem 17.

Proposition 23. Let w and z be two vector fields along v with n(wy11 —wg) = ax 0k and n(zge1—25) =
By, for some numbers ay, and By. Consider the equation

n

(50) G P(w), Pu(2)) = 3 -

k=1

for some numbers ;. Then

1 .
(51) Br = g&f + nhpgr sin gy,
where the sequence hy satisfies

(52) %fk,l sin Ap = (a + acos® Ap)hy — acos Aghg_1 — a.cos Apy1hpyq.
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Remark 24. Note that equation (52) can be written as

sin A&y, h1
sin Ag &y ha
sin Agés h3
0 : el E
sin An—2§n—3 hp—2
sin Ap—1&n—2 hp—1
sin Apén—1 hn

where M is the following cyclic tridiagonal matrix

G182 0 0 0 &
ty 0o tg -+ 0 0 0
0tsdg— 0 0 0
(53) M=n
000 0 -ty 1 6,1 tn
t1 0 O .- 0 tn On
where 0, = 1 + cos?(Ay) and where t;, = — cos(Ay). Note that again, M is strictly dominant as soon

as —2 < cos Apy1 (see remark 20).

Proof. First of all, we have G*( Py, (w), Pn(2)) = G*(w, Py(z)), since the projection P}, is orthogonal
with respect to G*’. Since the vector field z satisfies n(zx+1 — zk) = Prng, by Theorem 19, its
horizontal projection reads

Py (2) = 21 — hi Vi,
where hy, is the solution of
(54) %kal sin Ay, — bhy, sin® Ay = a(hk + cos? Aphy —cos Aphp_1 — cos Ak+1hk+1).
Using the expression of the G*®-inner product given in (41), it follows that

G (w, Py(z)) =n>p 1 Lag((zrs1 — hagr Vis1) — (25 — hi Vi), 1)

=03 py b (2 — By sin Agya),

where we have used n(zx+1 — 2x) = Bx 0k and (vii1,n5) = sin Agy1. Comparing with equation (50),
it follows that

1 b .
75]“ = *(Bk — nhk+1 Sin Ak+1).
n n

Therefore equation (54) reads

1
-~ sin A1 = a(h;c + cos? Aphy — cos Aghy_1 — cos Ak+1hk+1).

Let us summarize the previous results in the following Theorem.

Theorem 25. Suppose we have a family of curves vi(e,t) depending on time and joining fixed curves
Y1k and Yo (which is to say that vi(e,0) = v1x and yx(e,T) = o for all € and k). Then the
derivative of the energy functional E associated with the quotient elastic metric G*° reads

dE r
0= [ LB

€ 0
where VE(v) = (2 : 1 < k < n) is the solution of n(zk41 — zx) = B ng with By solving (51) for &
defined by (46). Since we consider curves modulo translation, we can take zo = 0. The projection of
VE(vy) on the manifold of closed curves reads

1 n
- — 1<k < .
(Zk RZBknk < _n)

k=1
5. TWO-BOUNDARY PROBLEM

5.1. Algorithms for the two-boundary problem. Given two shapes in the plane, solving the two-
boundary problem consists in finding a geodesic (if it exists!) having these shapes as endpoints. A
geodesic is a path that is locally length-minimizing. Using the exact expression of the gradient of the
energy functional, we can obtain approximations of geodesics by a path-straightening method. This
method relates to the fact that critical points of the energy are geodesics, and it consists of straightening
an initial path between two given shapes in the plane by following the opposite of the gradient flow
of the energy functional (see Section 5.1, Algorithm 1). The algorithm for the computation of the
gradient of the energy functional, based on the computation given in previous sections, is detailed in
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Section 5.1, Algorithm 2. Of course the efficiency of the path-straightening method depends greatly on
the landscape created by the energy functional on the space of paths connecting two shapes, and this
landscape in turns varies with the parameters a and b of the elastic metric. In Section 5.2, we illustrate
some aspects of this dependence. In all the numerics presented in the paper we used 100 points for
each curve.

‘ {/”””
N N

FIGURE 2. Toy example: initial path joining a circle to the same circle via an ellipse. The 5 first shapes
at the left correspond to the path at time ¢t = 0, t = 0.25, t = 0.5, t = 0.75 and ¢t = 1. The right picture
shows the entire path, with color varying from red (¢t = 0) to blue (¢t = 0.5) to red again (¢ = 1).

OO

=
\_

FIGURE 3. Straightening of the path illustrated in Fig. 2, with @ = 100 and b = 1. The first line corre-
sponds to the initial path, the second line to the path after 3500 iterations, and the third line corresponds
to the path after 7000 iterations. At the right the evolution of the energy with respect to the number of
iterations is depicted.

000
OO0

QO
O
O

Input:
(1) An initial shape v; given by the positions Yk,1,1 < k < n of n points in ]RZ,
(2) A final shape v2 given by the positions vy 2,1 < k < n of n points in R2.
Output: An (approximation of a) geodesic between v; and 72 under the quotient elastic metric Ga’b7 given by the positions

~i(t),1 < k < n of n points in R?, with v (0) = Yi,1 and v (1) = g 2-

Algorithm 1: Initialize v (t) by a path connecting 1 to v2.
(1) compute VE(v) using Algorithm 2.
(2) while VE(v) < 1073 do
(a) vk (t) < vk (t) — SVE(y) where § is a small parameter to be adjusted (we used § = 10~ 7).
(b) Compute the length L(v) of v, (¢) and do vy (t) < v, (t)/L(v).

Algorithm 1: Algorithm for the path-straightening method

5.2. Energy landscape. In order to experience the range of convergence of the path-straightening
algorithm, we first start with a toy example, namely we start with an initial path joining a circle to
the same circle but passing by an ellipse in the middle of the path. This path is illustrated in Fig. 2,
where the middle ellipse may by replaced by an ellipse with different eccentricity. Starting with this
initial path, we expect the path-straightening method to straighten it into the constant path containing
only circles, which is a geodesic. However, this will happen only if the initial path is in the attraction
basin of the constant path, in the sense of dynamical systems, i.e., if the initial path is close enough
to the constant geodesic. This in turn will depend on the value of the parameter a/b of the elastic
metric. In particular the same path can be in the attraction basin of the constant path for some value
of a/b and outside of it for some other value of the parameter. In order to have a better idea when
the path-straightening method will converge, we plot in Fig. 4 the opposite of the gradient of the
energy functional at the middle of the path for different values of the parameter a/b. In this figure,
the magnitude of the gradient is rescaled, hence the only important information is the directions taken
by the vector field. For a/b = 100, the opposite of the gradient is the vector field that one expects for
turning the ellipse into a circle. On the contrary, for a/b = 0.01, the opposite of the gradient is not
bowing the ellipse. In other words, one can conjecture that the initial path depicted in Fig. 2 is in the
attraction basin of the constant path for a/b = 100, but not for a/b = 0.01. This is indeed what is
happening, the path-straightening algorithm applied to the path of Fig. 2 converges for a/b = 100 (see
Fig. 3) but diverge for a/b = 0.01.
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Input: positions v (t),1 < k < n of n points in R2 depending on time t € I.

Output: n vectors zp, = VE(t),1 < k < nin RS, depending on time t € I, corresponding to the values of the gradient of the

G _energy of v (t).

Algorithm 2:

&k

(1) compute (cos 0 (t), sin 0 (t)) = n(vr41(t) — Vi ())/|VE+1(t) — V& ()], Ok, 0) and Ay = Okt1 — Ok

6y sin A
ms 61 sin Ay
m3 69 sin Ag

(2) define T as in equation (44) and compute (my,1 < k < n) defined by: T . = %
mgT—Ll é,,:_g sin A, _q
Op_1sinln
(3) compute 8j, and Ay, as well as
Ry = (% sin A _1 + % cos ApbOi_1AL +2(a — b)sin Ay, cos Apymp Ay

—asinAkmk,lAk - aSinAk+1mk+1Ak+l>-

(4) compute v defined by equation (49): T = R.
(5) compute £ defined by equation (46):

= —bly, + bn(rmp 41 sin Agyq + mp g cos Ak+1ék+1 — my cos Apb_1)
+ n2(b — a)(mz sin A cos A — mi+1 sin Ay 1 cos Apiq)

+ anzmk(mk,l sin Ay — mpqsin Apq).

hi sin A €n
ho sin Ap€q
hg sin Agég
(6) define matrix M by equation (53) and compute hj defined by: M X = %
hn o sindp o6, 3
hp_1 sinfAy_18n-2
hn sin Ap&p_1

(7) compute B defined by equation (51): B = %fk +nhpyysin Agyg.
(8) compute zj, defined by 21 = 0 and zj41 = 2z + %Bk ng 7% > k=1 Br ng-

Algorithm 2: Algorithm for the computation of the gradient of the energy functional

" R W S22, / ///////////// 2 //////////////// ////////////////
M < ,\1\ < Qi< < / < 4 <
o o o J %

\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\ h‘\\\\ \\\\\\ - “, e
alb =0.01 alb =1/4 alb=1 alb=5 alb=10
////////////////c ////////////// 2 ////////////// 2 ;,«////////////, . /////////////// s,
Z 2 2 = e ]
“, S S = L=
v I S e I NN
alb =13 alb =20 alb =30 alb =50 alb =100

FIGURE 4. Gradient of the energy functional at the middle of the path depicted in Fig. 2 for b = 1 and
different values of the parameter a/b.
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FIGURE 5. Gradient of the energy functional at the middle of the path connecting a circle to the same
circle via an ellipse for different values of the eccentricity of the middle ellipse. The first line corresponds
to the values of parameters a = 0.01 and b = 1. The second line corresponds to a = 100 and b = 1.

To have an idea of the attraction basin of the constant geodesic for a/b = 0.01, one can vary the
eccentricity of the middle ellipse in the initial path. Recall that the ellipse eccentricity is defined as

e = /1 — ¢2/d? with ¢ the semi-minor axis and d the semi-major axis. In Fig. 5, we have depicted
the gradient of the energy functional at the middle of the initial path for different values of the middle
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’ parameter values \ linear interpolation 1 \ linear interpolation 2 \ path 3 \ path 4 \ path 5 ‘

a=001,b=1 32.3749 27.45 25.3975 | 26.2504 | 28.3768
a=0250b=1 63.1326 52.4110 47.8818 | 47.5037 | 48.2284
a=100,b=1 77.6407 66.6800 63.4840 | 60.9704 | 57.4557

TABLE 1. Energy of the paths depicted in Fig. 9.

ellipse’s eccentricity. The first line corresponds to a/b = 0.01. From left to right the eccentricity of the
ellipse at the middle of the path takes the values 0.8844, 0.7882, 0.5750, 0.1980 and 0.0632. One sees a
change in the vector field between the third and fourth picture: only when the middle ellipse is nearly
a circle will the path-straightening algorithm converge for the value a/b = 0.01. In comparison, the
second line corresponds to a/b = 100. From left to right the eccentricity of the ellipse at the middle of
the path takes the values 0.9963, 0.95, 0.8, 0.1980 and 0.0632. In this case, the opposite of the gradient
is bowing the ellipse even if the ellipse is very far from a circle.

Another aspect of the gradient in this toy example is that it is localized at the middle shape as
is illustrated in Fig. 6. In this picture the gradient is scaled uniformly. One sees that the gradient
is nearly zero except at the middle shape. This is clearly a disadvantage for the path-straightening
method since after one iteration of algorithm 1, only the middle shape is significantly changed. This
localization of the gradient imposes a small step size in order to avoid discontinuities in the path around
the middle shape.

/////

\\\\\\\\

FIGURE 6. Gradient of the energy functional along the path depicted in Fig. 2 for a = 1 (upper line),
a =5 (middle line) and a = 50 (lower line) and b = 1.

In Fig. 7, we show a 2-parameter family of variations of a circle. The middle horizontal line corre-
sponds to the deformation of the circle into an ellipse, and can be thought of as stretching the circle by
pulling or pushing it to opposite circle points. In comparison, the middle vertical column corresponds
to the deformation of the circle into a square and can be thought of as bending the circle at four
corners. We built a 2-parameter family of deformations of the constant path connecting a circle to
itself by interpolating smoothly from the circle to one of these shapes at the middle of the path and
back to the circle. In Fig. 8, the energy plots of the 2-parameter family of paths obtained this way
are depicted for a = 0.01, b = 1 (left upper picture and nearly flat piece in the lower picture), and for
a = 100, b = 1 (right upper picture, and curved piece in the lower picture). One sees that, for the
elastic metric with @ = 0.01, b = 1, both directions of deformation - turning a circle into an ellipse and
turning a circle into a square - have the same energy amplitude. On the contrary, for the elastic metric
with @ = 100 and b = 1, one needs a lot more energy to deform a circle into an ellipse than to deform
a circle into a square, i.e., stretching is predominant.

Finally we consider in Fig. 9 the problem of finding a geodesic from a Mickey Mouse hand to the
same hand with a finger missing. The first line is obtained by taking the linear interpolation of the
hands, when both hands are parameterized by arc-length. The second line is obtained by first taking
the linear interpolation of the hands and than parameterizing each shape of the path by arc-length.
The second path serves as initial path for the path-straightening method. The third line (resp. the
fourth line, resp. the last line) corresponds to the path of minimal energy that we were able to find
for a =0.01, b =1 (resp. a = 0.25, b =1, resp. a = 100, b = 1), but the path-straightening algorithm
is struggling in all cases. Note the different shapes of the growing finger when the parameters are
changed. The energy of all these paths, for the different values of the parameters, is given in Tab. 1.
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FIGURE 8. Energy functional for the 2-parameter family of paths whose middle shape is one of the shapes
depicted in Fig. 7. The left upper picture corresponds to a = 0.01, b = 1 and the right upper picture to
a = 100, b = 1. The lower picture shows the plots of both energy functionals with equal axis.

CONCLUSION

In this paper, we studied the pull-back of the quotient elastic metrics to the space of arc-length
parameterized plane curves of fixed length. We computed, for all values of the parameters, the exact
energy functional as well as its gradient. These computations allowed us to illustrate how these metrics
behave with respect to stretching and bending. In particular, we showed that even for small values of
a/b, stretching and bending have contributions of the same order of magnitude to the energy, a fact
that may be surprising in regard to the expression of the elastic metric on parameterized curves. On the
other hand, for large values of a/b, stretching has a predominant cost to the energy, as expected. This
implies that the energy landscape is steeper for big values of a/b in the sense that some deformations
are preferred, a property that facilitates convergence of a path-straightening algorithm.

ACKNOWLEDGMENTS

This work emerged from discussions held during the program 2015 “Infinite-dimensional Riemannian geom-
etry with applications to image matching and shape analysis,” at Erwin Schrédinger Institute, Vienna, Austria,



22

ALICE BARBARA TUMPACH AND STEPHEN C. PRESTON

(2R2RE&R &%
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