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A discrete framework to find the optimal matching between

manifold-valued curves

Alice Le Brigant

Abstract The aim of this paper is to find an optimal
matching between manifold-valued curves, and thereby
adequately compare their shapes, seen as equivalent
classes with respect to the action of reparameterization.
Using a canonical decomposition of a path in a princi-
pal bundle, we introduce a simple algorithm that finds
an optimal matching between two curves by comput-
ing the geodesic of the infinite-dimensional manifold of
curves that is at all time horizontal to the fibers of the
shape bundle. We focus on the elastic metric studied
in [10] using the so-called square root velocity frame-
work. The quotient structure of the shape bundle is
examined, and in particular horizontality with respect
to the fibers. These results are more generally given for
any elastic metric. We then introduce a comprehensive
discrete framework which correctly approximates the
smooth setting when the base manifold has constant
sectional curvature. It is itself a Riemannian structure
on the product manifold M™ of "discrete curves" given
by n points, and we show its convergence to the contin-
uous model as the size n of the discretization goes to
oo. Illustrations of optimal matching between discrete
curves are given in the hyperbolic plane, the plane and
the sphere, for synthetic and real data, and comparison
with dynamic programming [16] is established.

Keywords Shape analysis - optimal matching -
manifold-valued curves - discretization
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1 Introduction
1.1 Context

The study of curves and their shapes is a research area
with numerous and varied applications, which is why it
has known a great deal of activity over the past years.
These curves can be closed or open, and take their val-
ues in a Euclidean space or more generally in a Rieman-
nian manifold. To name a few examples, closed plane
curves are central in shape analysis of objects [22]; the
study of trajectories on the Earth requires to deal with
open curves on the sphere [24]; and in signal process-
ing, locally stationary Gaussian processes can be repre-
sented by open curves in the hyperbolic plane, seen as
the statistical manifold of Gaussian densities [9], [10].
Here we are concerned with the study of open curves in
a manifold M of constant sectional curvature.

There are naturally many ways to go about compar-
ing curves in a manifold. One way is to see the space
of manifold-valued curves as an (infinite-dimensional)
manifold M itself, and equip it with a Riemannian met-
ric G. Then the geodesic between two curves in M de-
scribes how one optimally deforms into the other, while
its length gives a measure of dissimilarity : the geodesic
distance. The advantage of this strategy is that it pro-
vides all the convenient tools of the Riemannian frame-
work. An interesting property for the metric G, from
the point of view of the applications, is invariance with
respect to re-parameterization: for closed curves, this
amounts to considering only the shape of an object; for
an open curve representing the evolution in time of a
given process, this allows us to analyze it regardless of
speed or pace. A popular strategy is to consider the
quotient space S of curves modulo reparameterization,
where two curves are considered identical if they pass
through the same points of M but at different speeds,
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Fig. 1 Examples of (suboptimal) matchings between shapes in R3. Correspondence between points is shown with dashed lines.

or equivalently when one can be obtained by reparam-
eterizing the other. This quotient space is often called
the shape space. If the Riemannian metric G defines the
same scalar product at all points of M which project
on the same "shape", then G induces a Riemannian
structure on the quotient space. Computing geodesics
between two shapes for that metric can be done in two
steps : (1) establishing an "optimal matching" through
the choice of two parameterizations, one for each shape,
that will put in correspondence the points on the first
shape with points on the second shape, as in Figure 1,
and (2) computing the geodesic between the two pa-
rameterized curves obtained. Both steps depend on the
choice of the metric.

1.2 Previous work

Since the simplest metric one can think of, the L2-
metric (slightly modified to stay constant along the
fibers), induces a vanishing distance on the quotient
space [11], different classes of metrics have been stud-
ied to perform shape analysis. The large class of Sobolev
metrics involves higher order derivatives to overcome
the vanishing problem of the L?-metric [12]. A first-
order Sobolev metric for plane curves was introduced
in [20] and used in [21], which can be mapped to the
L2-metric by a change of coordinates, namely by con-
sidering the complex square root of the speed of the
curve. This metric was modified by the authors of [15]
to define the family of elastic metrics G*°, parameter-
ized by two constants a and b which control the degree
of bending and stretching of the curve. In [17], the au-
thors show that for a certain choice of parameters, the
elastic metric can again be mapped to the L?-metric us-
ing the so-called square root velocity (SRV) coordinates,
where a curve is represented by its speed renormalized
by the square root of its norm. The SRV framework was
generalized in [2]| for any elastic metric with weights a
and b satisfying a certain relation. A quotient struc-
ture for the metric used in [17] is carefully developed in

[8], where the authors prove that if at least one of two
curves is piecewise-linear, then there exists a minimiz-
ing geodesic between the two, and give a precise algo-
rithm to solve the matching problem. In [3], it is proven
that in the same framework, there always exists an op-
timal reparameterization realizing the minimal distance
between two C! plane curves. Another approach is pro-
posed in [19], where the authors restrict to arc-length
parameterized curves and characterize the horizontal
space of the quotient structure for these curves in the
elastic framework.

Concerning manifold-valued curves, the geodesic
equations for Sobolev metrics in the space of curves
and in the shape space were given in [1] in terms of
the gradient of the metric with respect to itself. A gen-
eralization of the SRV framework to manifold-valued
curves was introduced in [23] and used in [24], while an-
other one was proposed in [10]. Extension to curves in
a Lie group or a homogeneous space can also be found
in [4], [5], [18]. Both metrics in [23] and [10] coincide
with the metric of [17] in the flat case, however they
define different Riemannian structures when the base
space has curvature. The difference lies in the way com-
putations are made — in [23] and [24] they are moved
to the tangent spaces at the origins of the curves, re-
sulting in simpler computations, whereas in [10] they
are done directly in the base manifold M, transporting
data pointwise across M from one curve to the other,
thus making the comparison more sensitive to the local
"geography" of M. When comparing the geodesic dis-
tances, this difference is measured by a curvature term
(see [10], Prop. 3). In addition, unlike the metric of [23],
the one in [10] can be written as an elastic metric (with
a = 2b = 1). The work of [23] is applied to curves in
the space of symmetric positive definite matrices, while
the case of spherical trajectories is investigated in [24],
where the authors exhibit simplifications. In both cases,
optimal matching between curves is achieved through
dynamic programming. On the other hand, the Rie-
mannian structure in [10] is applied to curves in the
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hyperbolic plane, but the question of optimal matching
is not studied. This is remedied here.

1.3 Contributions of this paper

The aim of this paper is three-fold : (1) study the quo-
tient structure associated to the Riemannian metric G
of [10], and more generally to any elastic metric on
manifold-valued curves, (2) exploit this knowledge of
horizontality in an algorithm that computes an opti-
mal matching between shapes — and whose range of
application goes beyond elastic metrics — and (3) give a
comprehensive discrete Riemannian framework on the
finite-dimensional manifold of "discrete curves" that
correctly approximates these procedures for the partic-
ular case of the SRV framework and constant sectional
curvature. More specifically,

e we characterize the horizontal subspace associated
to the quotient shape space, for any elastic metric
and in particular for the SRV metric G. Namely,
we decompose any infinitesimal deformation of a
smooth curve into a vertical part, which reparam-
eterizes the curve without changing its shape, and
a G-orthogonal horizontal part. This is done in a
similar way as in [19] but without restriction to arc-
length parameterized curves.

e We write any path in the space of smooth curves as
a horizontal path composed with a path of reparam-
eterizations. We use this decomposition to define an
algorithm that, for a fixed parameterization of one
of two curves, approximates the horizontal geodesic
linking it to the fiber of the other curve, thereby
yielding the "closest parameterization" of the latter
with respect to the fixed parameterization of the
former. We refer to this correspondence as an opti-
mal matching. This algorithm can be used for any
metric structure as long as one knows how to com-
pute geodesics and characterize horizontality. Com-
parison with the popular dynamic programming ap-
proach [16] is established in the simulations section.

o We define a discrete version of G that is a Rie-
mannian metric on the finite-dimensional manifold
M+ of "discrete curves" given by n + 1 points,
when M has constant sectional curvature K €
{-1,0,1}. We show that the energy of a path of
discrete curves converges to the energy of the limit
path as the size n of the discretization goes to co. We
give the geodesic equations for this metric, charac-
terize the Jacobi fields, describe geodesic shooting,
and show simulations on synthetic and real data in
R2,R3, the hyperbolic plane and the sphere.

1.4 Outline

After reminding the continuous model previously intro-
duced in [10], Section 2 describes the horizontal space
of the quotient structure and a way to compute hor-
izontal geodesics. In Section 3, we introduce the dis-
cretization, and give the convergence result toward the
continuous model, which is later proved in Section 5.
Section 4 shows results of simulations in the three set-
tings of positive, zero and negative curvature.

2 The continuous model
2.1 Notations

Let (M, {(-,-)) be a Riemannian manifold. We first in-
troduce a few notations. The norm associated to the
Riemannian metric (-,-) is denoted by | - |, the Levi-
Civita connection by V and the curvature tensor by R.
If t = c(t) is a curve in M and t — w(t) € T,y M a
vector field along ¢, we denote by ¢; := de/dt = ¢’ the
derivative of ¢ with respect to ¢t and by Vi,w = V., w,
V2w := V., V.w the first and second order covariant
derivatives of w along c. Parallel transport of a tangent
vector u € Ty, )M from c(t1) to c(t2) along c is de-
noted by P!**2(u), or when there is no ambiguity on
the choice of the curve ¢, utv*2, or even ull to lighten
notations in some cases. We associate to each curve c
its renormalized speed vector field v := ¢'/|¢/|, and to
each vector field ¢ — w(t) along ¢, its tangential and
normal components w? = (w, v)v and w? = w — w’.
Finally, for all € M we denote by exp, : T,M — M
the exponential map on M and by log, : M — T, M its
inverse map.

2.2 The space of smooth parameterized curves
2.2.1 The Riemannian structure

We represent open oriented curves in M by smooth im-
mersions, i.e. smooth curves with velocity that doesn’t
vanish. The set M of smooth immersions in M is an
open submanifold of the Fréchet manifold C*°([0, 1], M)
[14] and its tangent space at a point c¢ is the set of
infinitesimal deformations of ¢, which can be seen as
vector fields along the curve ¢ in M

M={ce C>([0,1], M)|c'(t) # 0,Vt € [0, 1]},
TM={we C([0,1], TM)|w(t) € TouM,vt € [0,1]}.
Reparametrizations are represented by increasing dif-

feomorphisms ¢ : [0,1] — [0,1] (so that they preserve
the end points of the curves), and their set is denoted by
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Diff" ([0, 1]). We adopt the so-called square root veloc-
ity (SRV) representation, i.e. we represent each curve
¢ € M by the pair formed by its starting point x and
its speed vector field renormalized by the square root
of its norm, via the bijection M — M x T M

Cl
c— [z:=¢0), ¢ :=—].
(=0 o= 7)

The inverse of this function is simply given by M x
TM 3> (z,q) — wm(q) € M, if maq is the canonical
projection T M — M. The renormalization of the speed
vector field in ¢ allows us to define a reparameterization
invariant metric, as we will see shortly. For any tangent
vector w € T.M, consider a path of curves s — ¢*(s) €
M such that ¢*(0) = ¢ and ¢?(0) := 9¢*/Is(0) = w.
We denote by g% := ¢/|c?|*/? the square root velocity
representation of ¢. With these notations, we equip M
with a Riemannian metric G, defined by

Go(w,w) = [w(0)]2 + / V2(0, 1) 2 dt. (1)

This definition does not depend on the choice
of ¢¥ and we can reformulate this scalar prod-
uct in terms of (covariant) derivatives of w. In-
deed, note that Vs q“(0,t) = chy(o,t)(c;”/\cﬂ%) =
|ci’ (0, t)|7% (Vc;”(o,t)ctliu - 1/2(Vc;“(0,t)C%D)T)» which gives
after inverting the derivatives according to s and ¢,

V,q"(0.8) = ¢ (Vi + 1V,07),
The scalar product can then be rewritten

dt
'’

1
Ge(w, w) = |w(0)[? +/ (Ve ]? + 2|V ?)
0

Ge(w,w) = |w(0)|* + / (|ngN|2 + i|Vsz|2) de,
(2)

where d¢ = |¢/(t)|dt and V, = mvt respectively
denote integration and covariant derivation according
to arc length. This metric belongs to the class of so-
called elastic metrics parameterized by any a,b € R,
which can be defined for manifold-valued curves as

GO (w,w) = |w(0)\2+/a2 (IVew™|? + 0| V,w”|?) de.

With formulation (2) it is clear that G = G2 is invari-
ant under the action of reparameterizing the curve and

its tangent vectors by any increasing diffeomorphism
¢ € Dift*([0,1]),

Geop(Wop,z0¢) =Ge(w,2), Yw,z€T.M. (3)

This reparameterization invariance property will allow
us to induce a Riemmannian structure on the quotient
space as we will see in Section 2.3.

2.2.2 Geodesics between parameterized curves

Two curves cp,c; € M can be compared using the
geodesic distance induced by G, i.e. by computing the
length of the shortest path of curves [0,1] 3 s — ¢(s) €
M from ¢y to ¢y

de(co,c1) =inf {L(c): ¢(0) =cp,c(1) =1}, (4)

where the length of a path ¢ can be written in terms of
its SRV representation (z,q) : [0,1] = M x TM

s (m(s) = ¢(s,0), q(s,+) := |th(t5(8’)|)1/2> ) (5)

as

L(c):/o \/xs(s)|2+/0 Vaq(s, £)dt ds.

Note that here - and in all that follows - we indifferently
use the notations c(s,t) = ¢(s)(t), q(s,t) = q(s)(t) for
all s,t € [0,1]. Now we recall a result shown in [10],
which characterizes the geodesic paths of M, i.e. those
which achieve the infimum in (4), by searching for the
critical points of the energy functional £: M — R,

E(c) = Al (Ix’(S)I2 +/01 IVSQ(s,t)Ith> ds. (6)

Proposition 1 (Geodesic equations) A geodesic
path [0,1] 3 s — c(s) € M for G, or more specifically
its SRV representative s — (x(s), q(s)) (5), verifies the
equations

Vsxs(s) +r(s,0) =0,

7
V2q(s,t) + |a(s,t)| (r(s,t) + r(s, t)T) =0, 0

for all s,t € [0, 1], where the curvature term r(s,t) in-
tegrates the vector field R(q, Vsq)cs parallel transported
back to t along c(s,-),

1
rs,1) = / R0, Veg)es(s,7)"Hdr, 1€ [0,1].
t

Remark 1 In the flat case M = R?, the curvature term
7 vanishes and we obtain Vz,(s) = 0, V2¢(s,t) = 0 for
all s and . This means that the geodesic between two
curves (zg,qo) and (z1,q1) in the SRV coordinates is
composed of a straight line s — x(s) and an L?-geodesic
s+ q(s,-). In other words, the geodesic links the start-
ing points with a straight line and linearly interpolates
between the renormalized speeds. Notice that if this lin-
ear interpolation goes through zero, the geodesic does
not exist in Imm([0, 1], M). This can be avoided by con-
sidering a larger space of curves, such as the set of ab-
solutely continuous curves [8].
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Fig. 2 Schematic illustration of geodesic shooting.

A possibility to construct the geodesics of M is to use
geodesic shooting. By solving the geodesic equations
(7) we can construct the geodesic path starting from
a given curve ¢y at a given speed w € T, M - this is
the exponential map on M. Given two curves cy,cq,
geodesic shooting allows us to iteratively find the ap-
propriate initial speed w which will make the geodesic
land on ¢;. The idea is to "shoot" from ¢y in a certain
direction using the exponential map, estimate the gap
between the end point of the obtained geodesic and the
target point c1, "bring back" this information at cg us-
ing a Jacobi field and finally use this information to
correct the shooting direction.

Jacobi fields are vector fields that describe the way
that geodesics spread out in the Riemannian manifold:
for any geodesic s — ¢(s) in M and Jacobi field s —
J(s) along c, there exists a family of geodesics (—d,d) >
a — c¢(a,-) such that for all s, ¢(0,s) = ¢(s) and

At a given step of the geodesic shooting algorithm, we
consider the Jacobi field that measures the difference
between the geodesic obtained by shooting and the de-
sired geodesic between ¢y and c¢; : it has initial value
J(0) = 0 since both have same starting point ¢, and its
end value can be estimated by J(1) = lochO2 c¢1, where
logf2 denotes the inverse of the exponential map for
the L2-metric on M, simply given by logff(cl)(t) =
log., 1) (c1(t)) for ¢ € [0, 1]. The shooting direction can
then be corrected by the derivative V,J(0) of the Ja-
cobi field at the origin, as shown in Figure 2. For more
details, we refer the reader to [10].

Algorithm 1 (Geodesic shooting)
Input: cy,cqp € M.

Initialization: w = logff(cl).

Repeat until convergence :

1. compute the geodesic s — c(s) starting from co at
speed w by solving the geodesic equations (7),

2. evaluate the difference j = logf(i)(cl) between the
target curve ¢1 and the extremity ¢(1) of the obtained
geodesic,

3. compute the initial derivative Vs J(0) of the Jacobi
field s — J(s) along the path of curves c verifying
J(0) =0 and J(1) = j,

4. correct the shooting direction w = w + V3J(0).

Output: geodesic c.

This algorithm requires the characterization of the Ja-
cobi fields for G on M, and a way to deduce the initial
derivative V,J(0) of a Jacobi field from its initial and
final values J(0), J(1). Concerning these two points,
we refer the reader to [10] : the Jacobi fields of M
are shown to be solutions of a linear PDE, which can
be solved to obtain the final value J(1) of a Jacobi
field J along a path of curves ¢ knowing its initial con-
ditions J(0) and VJ(0). If we consider only Jacobi
fields with initial value J(0) = 0, then the function
[T TC(O)M — Tc(l)M, VSJ(O) — J(l) is a linear bi-
jection between two vector spaces and its inverse map
can be computed by considering the image of a basis of
Te(0yM. The equations characterizing the Jacobi fields
in the discrete setting will be given in Section 3.

2.3 The space of unparameterized curves
2.8.1 The quotient structure

In order to compare curves regardless of parameteri-
zation, we consider the quotient S = M /Diff" ([0, 1])
of the space of curves by the diffeomorphisms group.
This quotient is not a manifold, as it has singularities,
i.e. points with non trivial isotropy group [14]. That is
why from now on we assume that M denotes the set
of free immersions, i.e. immersions on which the dif-
feomorphism group acts freely. That way, the space of
curves M and the quotient shape space S are respec-
tively the total and base spaces of a principal bundle,
the fibers of which are the sets of all the curves that are
identical modulo reparameterization, i.e. that project
on the same "shape". We denote by 7 : M — S the
projection of the fiber bundle and by ¢ := w(c) € S the
shape of a curve ¢ € M. The tangent bundle can then
be decomposed

TM = Ver @ Hor

into a vertical subspace consisting of all vectors tangent
to the fibers of M over S, that is, those which have an
action of reparameterizing the curve without changing
its shape
Ver, = kerT.m = {mv, m € C},

€ = {m € C([0,1).R), m(0) = m(1) = 0},
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Fig. 8 Schematic representation of the shape bundle.

and a horizontal subspace defined as the orthogonal of
the vertical subspace according to G

Hor, = (Ver,)"¢ ={h € T M;:G.(h,mv)=0Vm € C}.

If G is constant along the fibers, i.e. verifies property
(3), then there exists a Riemannian metric G on the
shape space S such that 7 is a Riemannian submersion

from (M, G) to (9, G),
Ge(whor, 2oy = Gr(e) (Tem(w), Tem(2)),

hor hor

where w and z are the horizontal parts of tan-
gent vectors w and z, as well as the horizontal lifts of
T.m(w) and T.m(z), respectively. This expression de-
fines G in the sense that it does not depend on the
choice of the representatives ¢, w and z ([13], §29.21).
If a geodesic for G has a horizontal initial speed, then
its speed vector stays horizontal at all times - we say
it is a horizontal geodesic - and projects on a geodesic
of the shape space for G ([13], §26.12). To compute the
distance between two shapes ¢y and ¢7 in the quotient
space we choose a representative cg of ¢g and compute
the distance (in M) to the closest representative of ¢7,
as shown schematically in Figure 3,

d (e, e1) = inf { d(co,c109) | ¢ € Diff7([0,1]) } .

By definition, the distance in the quotient space allows
us to compare curves regardless of parameterization

J(COOSO,CN”/)) :d_(%,a)a

We now characterize the horizontal subspace for any
elastic metric G*? and in particular for our metric Gl’%,
and give the decomposition of a tangent vector.

Vo, v € Diff" ([0, 1]).

Proposition 2 (Horizontal part of a vector) Let
c € M be a smooth immersion. Then h € T, M is hor-
izontal for the elastic metric G*® if and only if

((a/b)? = 1) (Vih, Vi) — (Vih,v)
+ | |7HV e 0) (Vih,v) = 0.

In particular, for a = 2b =1 we obtain

Hor, ={h e T.M :Vt € [0,1], 3(Vih, Vv)
— (V2h,v) + ||V, 0)(Vih,v) = 0}.

Any tangent vector w € T.M can be decomposed in hor-
izontal and vertical components w = wh™ + w'*" given
by w¥®" = mw, w'" = w—muv, where the real function
m € C verifies the ordinary differential equation

m' — (Vi /||, v)m’ — 4|V0*m
= (VZw,v) — 3(Vew, Vv) — (Vi /||, 0)(Vew, v).
(®)

Proof Let h € T.M be a tangent vector. It is horizontal
if and only if it is orthogonal to any vertical vector, that
is any vector of the form mv with m € C*([0,1],R)
such that m(0) = m(1) = 0. We have V;(mv) = m'v +
mVv and since (V;v,v) = 0 we get Vi(mv)Y = mV,v
and V;(mv)T = m/v. The scalar product can then be
written

G (h,mv) = (h(0),m(0)v(0))
! dt
+/ (a* (Vb Vi (mo)N) + b2 (Vb T, Vi (mo) 7)) —
0 |C |
:/ (a*m(Vih, V) —|—b2m’<Vth,v>)|df|
0 C

' dt Lo d n-1
= [ &m(Vih, V) — [ ¥’m— ((Vih,0)|d|71)dt
0 Il Jo dt

= /1 m/|c’|<(a2 — b*)(V¢h, Vv) — b*(Vih,v)
0

(Vi) (Vih,0)|e| )t

by integration by parts. The vector h is horizontal if and
only if G.(h,mv) = 0 for all such m, and so multiplying
by |¢'|/b? gives the desired equation. Now consider a
tangent vector w and a real function m : [0,1] — R
such that m(0) = m(1) = 0. Then according to the
above, w — mu is horizontal if and only if it verifies

3(Vi(w — mv), Viv) — (VZ(w — mv),v)
+ 1 |7HV e, 0) (Vi (w — mw),v) = 0,

ie., since (Viv,v) = 0, (Viv,v) = —|Vw|? and
VZ(mv) = m"v + 2m'Vw + mViv, if

3(Viw, Viv) — 3|ViwPm — (Viw, v) + m”
—m|Vl? + || 7NV, 0) (Viw, v) —m') = 0,

which is what we wanted.
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2.8.2 Computing geodesics in the shape space

Recall that the geodesic path s — ¢(s) between the
shapes of two curves ¢y and ¢ is the projection of the
horizontal geodesic - if it exists - s — ¢,(s) linking
¢o to the fiber of ¢; in M, i.e. such that ¢;,(0) = co,
cn(1) € m=1(er) and dyep(s) € Hor,, (5 for all s € [0, 1],

c= W(Ch).

The end point of ¢;, then gives the optimal reparame-
terization c¢; o ¢ of the target curve ¢; with respect to
the initial curve cg, i.e. such that

d(co,c1) = d(co,c10 ).

The parameterized curves (cp,c; o ) define what we
call an optimal matching between the shapes ¢y and ¢,
in the sense that each point ¢ (t) on ¢g is matched with
the point ¢;1(¢(t)) on €. Here we propose a method
to approach the horizontal geodesic cp, and thereby
the corresponding optimal matching. To that end we
decompose any path of curves s — ¢(s) in M into a
horizontal path composed with a path of reparameter-
izations, c(s) = ¢°"(s) o (s), or equivalently

(s, t) = " (s, (s,t)) Vs, t €[0,1], (9)

where the path [0,1] > s ~ ¢"°"(s) € M is such that
chor(s) € Horehor(g) for all s € [0,1], and [0,1] 5 s —
¢(s) € Difft([0,1]) is a path of increasing diffeomor-
phisms. The horizontal and vertical parts of the speed
vector of ¢ can be expressed in terms of this decom-
position. Indeed, by taking the derivative of (9) with

respect to s and ¢ we obtain

(10a)
(10b)

cs(s) = {7 (s) 0 p(s) + @s(s) - " (5) 0 p(s),
ci(s) = @e(s) - i (s) 0 (),
and so with v"(s,t) = cPor(s,t)/|chom(s,t)|, since

@t >0, (10b) gives

v(s) = v""(s) 0 p(s).

We can see that the first term on the right-hand side
of Equation (10a) is horizontal. Indeed, for any path of
real functions m : [0,1] — C*°([0,1],R), s — m(s,")
such that m(s,0) = m(s,1) = 0 for all s, since G is
reparameterization invariant we have

G (ca”(s) 0 (), m(s) - v(s))

with m(s) = m(s)op(s)~t. Since m(s,0) = m(s,1) =0
for all s, the vector m(s)-v"°"(s) is vertical and its scalar
product with the horizontal vector ¢?°"(s) vanishes. On

the other hand, the second term on the right hand-side
of Equation (10a) is vertical, since it can be written

hor

ps(s) - ¢ 0 p(s) = m(s) - v(s),

with m(s) = |ci(s)|@s(s)/pe(s) verifying m(s,0) =
m(s, 1) = 0 for all s. Finally, the vertical and horizontal
parts of the speed vector c4(s) are given by

cs(8)"" =m(s) - v(s) = ler(s)|ps(s)/pe(s) - v(s),
(11a)

es(s)"" = es(s) —m(s) -v(s) = el (s) o p(s).  (11b)

Definition 1 We call ¢"*" the horizontal part of the
path ¢ with respect to G.

Proposition 3 The horizontal part of a path of curves
c is at most the same length as c

La (ChOT) < Lg (C) .

Proof Since the metric G is reparameterization invari-
ant, the squared norm of the speed vector of the path
c at time s € [0,1] is given by

les (s, )IIE
= [les”" (s, (s, DG + lps (s, PNt (s, 005, ) 1
= 112" (5, )& + s (s, )P llet (s, )1

where || - ||2G := G(-,-). This gives ||cP"(s)|la < |lcs(s)]|
for all s and so Lg(c"") < Lg(c).

Now we will see how the horizontal part of a path of
curves can be computed.

Proposition 4 (Horizontal part of a path) Let
s+ c(s) be a path in M. Then its horizontal part is
given by c"°"(s,t) = c(s,o(s)71(t)), where the path of
diffeomorphisms s — (s) is solution of the partial dif-
ferential equation

m(s; t)/lei(s,t)] - pils, 1), (12)

and where m(s) : [0,1] = R, t — m(s,t) is solution for
all s of the ordinary differential equation

ps(s,t) =

My — <Vtct/|ct|, v)mt — 4‘Vﬂ]|2m
= (Vic,,v) — 3(Vics, Viv) — (Vic/|col, v)(Vics, v).

Proof We have seen in Equation (11a) that the vertical
part of ¢4(s) can be written as m(s)-v(s) where m(s) =
lee(s)|s(s)/@i(s), and as the norm of the vertical part
of ¢5(s), m(s) is solution of the ODE (8) for all s.
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5.6) 7 2

Fig. 4 Schematic illustration of the nt” step of the optimal
matching algorithm.

If we take the horizontal part of the geodesic linking
two curves ¢g and ¢y, we will obtain a horizontal path
linking ¢ to the fiber of ¢; which will no longer be a
geodesic path. However this path reduces the distance
between ¢ and the fiber of ¢;, and gives a "better" rep-
resentative ¢1 o (1) of the target curve. By computing
the geodesic between ¢y and this new representative, we
are guaranteed to reduce once more the distance to the
fiber. The algorithm that we propose simply iterates
these two steps, as illustrated in Figure 4.

Algorithm 2 (Optimal matching)
Input: ¢y, c1€ M.

Initialization: n =0, cf = c;1.

Repeat until convergence:

1. construct the geodesic s — c"™(s) between ¢y and cl,
2. compute the horizontal part s — [c"]"°7(s) of ",

3. set T = [¢"her(1),

4. setn=mn+ 1.

Output: horizontal geodesic c™.

Let us specify why the obtained geodesic is horizon-
tal at the limit. The series of lengths (L(c")), -, and
(L([c”]h‘”))n>0 are non negative decreasing and verify
at each step n

L(c") = L([c"]*") = L(c"*),

which means that they converge to the same limit. The
same is true for the energies E(c") and E([¢"]"*"), and
since the s-derivative of [¢"]"°" is equal to the horizontal
part of the s-derivative of ¢, we get

[ty ds = B~ (1)~ o,

and so [|c?(s)"®"||¢ converges to zero for almost all s.
Since it is enough that a geodesic be horizontal at one
given time for it to be horizontal for all time s ([13],
§26.12), we have the following result.

Proposition 5 (Horizontality of the solution) At
the limit, the geodesic between the fibers computed in
Algorithm 2 is horizontal

Vs ek (s)*¢"|] — 0.

Remark 2 In this work, we will carry out step 1 us-
ing geodesic shooting. However it is important to stress
that Algorithm 2 is a general method that can be ap-
plied to any metric structure (not only elastic metrics)
for which one knows how to compute geodesics and
characterize the horizontal subspace of the shape bun-
dle. It can be seen as an alternative method to the pop-
ular dynamic programming approach [16], with which
we establish comparisons in Section 4. But before that,
let us first introduce a formal discretization of the con-
tinuous model presented so far.

3 The discrete model

Applications usually give access to a finite number of
observations of a continuous process and provide series
of points instead of continuous curves. It is therefore
important to discretize the framework presented above
and to consider the finite-dimensional space of "discrete
curves". From now on we restrict to base manifolds M
of constant sectional curvature K. This allows us to get
an explicit formula for the Jacobi fields of M (Lemma 1)
and thus derive a precise approximation of the smooth
Riemannian structure of Section 2. Generalization to
any Riemannian manifold for which the Jacobi fields are
computable should not be problematic. For more com-
plex manifolds, a faster and more approximate solution
would be to directly discretize the smooth equations, at
the cost of the precision of the discrete approximation.

3.1 The Riemannian structure

We consider the product manifold M"*1 of "discrete
curves" given by n + 1 points, for a fixed n € N*. Its
tangent space at a given point o = (xg,...,Z,) is

T M™M= {w = (wo, ..., wy) : wy € Ty, M, Vk}.
Assuming that there exists a connecting geodesic be-
tween xp, and x4 for all k¥ — which seems reasonable
considering that the points x; should be "close" since
they correspond to the discretization of a continuous
curve — and that two consecutive points are always dis-
tinct (z # Tr41), we use the following notations

T = 10g,, Tht1, @ = VTe/N |Tk|, v = T0/|Tk|, (13)
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Xie

Xk+1

Fig. 5 Schematic representation of a path of piecewise
geodesic curve associated to a pair («,w).

as well as wpT = (wg,vp)vr, and wl = wy — wpT
to refer to the tangential and normal components of
a tangent vector wy € T, M. Given a tangent vec-
tor w € T,M""!, we consider a path of piecewise
geodesic curves [0,1]% 3 (s,t) + c¢¥(s,t) € M such that

(0,5) =z for k = 0,...,n, ¢“(s,) is a geodesic
of M on the interval [£ EEL] for all s € [0,1] and k
— and in particular ¢ (0, %) = n7; — and such that

c?(0, £) = wy, as illustrated in Figure 5. Then we de-

S ‘n

fine the squared norm of w by
1 n—1
Gh(w,w) = le|2+EkZﬂ|Vsqw(0,%)\2- (14)

This definition is a discrete analog of (1), and just as in
the continuous case, it does not depend on the choice
of ¢*. Indeed, we can also obtain a discrete analog of

2).

Proposition 6 The metric G™ can also be written
n—1 ) 9 1

G (w,w) = [wol*+ 3 (|(Drw) P+ 1| (D-w)]| >W’
k=0

where the map Dy : T,M™1 = T, M™ w— D,w=

(D-w)o, ..., (Dryw)y) is defined by

(Drw)y, := =V, (0, %)

= (w1l = wi) T + by (wipr | — agwr) N,

z'wa‘H denotes the parallel transport of wi41 from x4
to xy along the geodesic, and the coefficients ar and
by, take the following values depending on the sectional
curvature K of the base manifold M

ay, = cosh |1y, by = sinh|7mg|/|7%], if K = —1,
by = 1, K =0 (15)
by, = sin |7 |/|m|, if K = +1.

ar =1,
aj = cos |1k,

Remark 3 Notice that in the flat case our definition
gives (D,;w)g = wi41 — wg. In the non-flat case, when
the discretization gets "thinner", i.e. n — oo and

|| — 0 while n|7| stays bounded for all 0 < k < n,
we get (Dyw)y = wpyr! —wy + o(1).
n—

oo

Before we prove this proposition, let us recall a well-
known result about Jacobi fields that will prove useful
to derive the equations in the discrete case.

Lemma 1 Let v:[0,1] = M be a geodesic of a mani-
fold M of constant sectional curvature K, and J a Ja-
cobi field along v. Then the parallel transport of J(t)
along v from ~y(t) to v(0) is given by

J()"0 = J7(0) + ax(t)JV (0)
+t V. JT(0) 4 by (1) VI N (0),
for allt € ]0,1], where

(1) = cosh (|7 (0)[t) , by (t) = 22O ge

[ (0)]
ar(t) =1, br(t) =t, K =0,
ax(t) = cos (|7 (O)[), by(t) = =L K = 41,

Proof (Proof of Lemma 1) For the sake of completeness,
the proof is reminded in the appendix.

Proof (Proof of Proposition 6) Let a € M"*! be a
"discrete curve" and w € T,M"*! a tangent vector
at «. Consider a path of piecewise geodesic curves
s+ ¢¥(s) that verifies all the conditions given above
to define G"(w,w), and set (D,w);, := 1V,c?(0, £).
Then by definition, the vector field J;(u) = ¥ (s, &%),
u € [0,1] is a Jacobi field along the geodesic linking
g to xRy, verifying Ji(0) = wyg, Ji(1) = wiy1 and
VuJi(0) = (D;w)g. Applying Lemma 1 gives

wk+1” =wp" + apwiY + (DTw)kT + bk(DTw)kN~

This gives (w417 = wiT+(Drw)i” and (wigq!HN
apwi + bk(DTw)kN and so
(Drw)g = (Dﬂ'w)kT + (DTw)kN

= (w1 — we)T + b Hwpa ! — apwp) V.

Finally, we observe that the covariant derivative in-
volved in the definition of G™ can be written

Vaa(0, %) = |6 (0. 5) 75 (Vaef (0, %) = 5 Ve (0, 5)T)
= |n7’k|_% (n(D-w)i, — %n(DTw)kT),

ie.

Vg (0, £) = (n/|m)? ((Drw)™ + 3(Drw)i").

Injecting this into (14) gives the desired formula.

Now we present the main result of this section, that
is, the convergence of the discrete model toward the
continuous model.
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Definition 2 Let a = (z,...,2,) € M"*! be a dis-
crete curve, and ¢ — ¢(t) € M a smooth curve. We say
that « is the discretization of size n of ¢ when c(%) =y
forall k =0,...,n. If s = a(s) = (xo(s),...,zn(s)) €
M"™+! is a path of discrete curves and s + c(s) € M
a path of smooth curves, then « is the discretization of
size n of ¢ when «(s) is the discretization of ¢(s) for all
s € [0,1], i.e. when z,(s) = c(s, £) for all s and k. We
will still use this term if ¢ is not smooth, and speak of
the only path of piecewise-geodesic curves of which «
is the discretization.

Let [0,1] 3 s = a(s) = (z0(s),...,2,(s)) € M be a
path of discrete curves. Defining 7 (s) and ¢x(s) as in
(13) for all s € [0, 1], the path « can be represented by
its SRV representation [0,1] — M x T,M"T!

s (330(8)7 (Qk(s))ogkgnﬂ)- (16)

To compute the squared norm of its speed vector o/(s),
consider the path of piecewise geodesic curves [0,1]? >
(s,t) = c(s,t) € M such that c(s, £) = z,(s) and
ci(s, £) = n7y,(s) for all s and k. Then, notice that we
have

Vaq(s, £) = Veqr(s),
(D7a'(s))k = £Vics(s, £) = Veri(s),

and so the squared norm of the speed vector of a can
be expressed in terms of the SRV representation

(17)

G0/, 0/ (5)) = e/ (I + = 3 Vsl
k=0

In the following result, we show that if s — a(s) is the
discretization of a path s — ¢(s) € M of continuous
curves, then its energy with respect to G™,

1 n—1
o) =3 [ <|zs<s>|2 i > |vsqk<s>2> ds, (19)

gets closer to the energy (6) of ¢ with respect to G as
the size of the discretization grows.

Theorem 1 (Convergence of the discrete model
to the continuous model) Let s — c(s) be a C'-
path of C?-curves with non vanishing derivative with
respect to t. This path can be identified with an ele-
ment (s,t) — c(s,t) of C12([0,1] x [0,1], M) such that
ci # 0. Consider the Ct-path in M™ !, s — a(s) =
(xo(8), ..., xn(8)), that is the discretization of size n of
c. Then there exists a constant A > 0 such that for n
large enough, the difference between the energies of c
and o is bounded by

A _
[B(e) = B (e)] < 5 (inf ler) ! esf3 o0 (14 ferhy ),

where E and E™ are the energies with respect to metrics
G and G™ respectively and where

ct|1,00 7= |Ctloo + [ViCt|oo,

|CS|2,OO = esloo + [ Vics]oo + |V?Cs|oc>7

if |wleo 1= sup |w(s,t)| denotes the supremum over
s,t€[0,1]

both s and t of a vector field w along c.

Remark 4 Note that since we assume that ¢ is a C'-
path of C2-curves, the following norms are bounded for
1=1,2,

|Ct|oo» |Cs‘oov ‘Vftct|ooa |V§Cs|oo < 00.

Proof (Proof of Theorem 1) The proof is put off to Sec-
tion 5.

Now that we have established a formal Riemannian
setting to study discrete curves defined by a series of
points, and that we have studied its link to the con-
tinuous model, we need to derive the equations of the
corresponding geodesics and Jacobi fields to apply the
methods described in Section 2. For the sake of read-
ability, we first introduce some notations.

3.2 Computing geodesics in the discrete setting
3.2.1 Notations

The purpose of the notations that we introduce here
is to lighten the equations derived in the rest of the
paper. For any discrete curve a = (zq, ..., z,) € M"*!
we define for all 0 < k < n, using the coefficients ay
and by defined by (15) and (13), the functions f, gx :
Ty M — Ty M,

fo:w — w? + apw?,

gr s w = || 2w’ + brw™).
and for £ = 0,...,n — 1, the functions f,gf),g(f) :
Typos M — Ty M by

= fro PRy g7 = geo P,

where 7, denotes the geodesic between xj and zjy1,
which we previously assumed existed. Notice that when
the discretization gets "thinner", that is n — oo,
|| — 0 while n|7y| stays bounded for all 0 < k < n, we
get in the non flat setting, for any fixed w € T,, ., M,
fi(w) = wo(1/n) and gy (w) = |kl (w+wT) +o(1/n)
- in the flat setting, these are always equalities. Now
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if we consider a path s — a(s) = (zo($),...,2n(s)) of
discrete curves, we can define for each s the functions

fu(8), gr(s) : T

i (s)

Fu(5) 7, gi(s))

for 0 < k <nand 0 <k < n—1 respectively, corre-
sponding to the discrete curve a(s). It is of interest for
the rest of this paper to compute the covariant deriva-
tives of these maps with respect to s.

M — Tzk(s)M
S)M — ka(S)M,

$k+1(

Lemma 2 The first and second order covariant deriva-
tives of fr and g with respect to s are functions
TowsyM — Ty, ()M defined by

k(s)

Vs fr(w) = dsarw™
+(1- ak)((w, Vsvihvg + (w, vk>VSvk),
Vagr(w) = Oslael /|ael g (w) + |qr|Osbew™
+ 1qxl(2 — be) ((w, Vsvp)or + (w, vp) Vo),
V2 fr(w) = O2apw™ — 205ar ((w, Vsvi) vy
+ (w,vk)stk) +(1- ak)(<w, V2o )
+ 2(w, Voup) Vsug, + (w, vp) Vaog),
V2gr(w) = 05 (9slar!/ar]) gr(w) + Osla|/|ak| V sgr(w)
+ (0slqk|0sbr, + |qr0Zbr)w™
+ gl (2 = bi) ((w, VEor)vy, + 2(w, Vop) Vg,
+ (w, v) VZo) + (0s|ar|(2 — br)
— 2|qi|0sbi) ((w, Vsvr)vk 4 (w, vk) Vvg).

Proof For any vector field s — w(s) € T, )M along
s+ x1(s) we have by definition

Vs(fr(w)) = Vs fk(w) + fi(Vsw),
Vs(gr(w)) = Viegr(w) + ge(Vsw),
V2 (fr(w)) = Vka(w) + 2V, fo(Vsw) + fu(Vw),
V2 (gr(w)) = V2gr(w) + 2 Vgi(Vew) + gi(VZw).

Noticing that Vg(wT) = (Vew)T + (w, Vsop)ve +
(w,vk)Vsvy and Vg(w) = Viw — Vg(w?), the for-
mulas given in Lemma 2 result from simple calculation.

Using these functions, we can deduce the covariant
derivatives of f,g_) and g,i_). Denoting by ~x(s) the
geodesic of M linking z(s) to xx41(s) for all s € [0, 1]
and 0 < k < n — 1, we have the following result.

Lemma 3 The covariant derivatives of the func-
tions f,g*) and g,(;) with respect to s are functions
T, M — T, (sM given by

k+1(8)
Vs( ,E_)) Tw
Vs (g,(;)) Dw

(Vs i) T (w) + (R (Y, i) (wieia 1)),
(Vagr) () + gk (R Vi, 7) (i),

where
(stk)(s)(*) _ vsfk:( ) o Pj:(g(s) xk(s)’
(ngk)(s)(*) — vsgk( ) o P»f:(ti(S) m(s)’
1—
Vi = (@) + br(an )Y + 3Vem” + K|77|a2lC Ve,
k
(19)

if K is the sectional curvature of the base manifold.

Proof The proof is given in Appendix A.

3.2.2 Geodesic equations and exponential map

With these notations, we can characterize the geodesics
for metric G™. The geodesic equations can be derived
in a similar way as in the continuous case, that is by
searching for the critical points of the energy (18). We
obtain the following characterization in terms of the
SRV representation (16).

Proposition 7 (Discrete geodesic equations) A
path s — a(s) = (zo(s),...,2,(s)) in M"T is a
geodesic for metric G™ if and only if its SRV repre-
sentation s — (wo(s), (qx(s))r) verifies the following
differential equations

1 _
Vezo + - (Ro + f(g )<R1)
o f 0o T (Ra)) =0,
1
Vi + — gk (Rk+1 + fk+1(Rk+2)

7(1:)2 (Rnfl)) = 0)
(20)

+ ..—|—fk110-~-o

for allk =0,....n
Ry := R(qk, Vsqr)Tk

— 1, with the notations (13) and

Proof The proof is given in Appendix B.

Remark 5 (Link with the continuous setting) Let
[0,1] 3 s+ ¢(s,+) € M be a C! path of smooth curves
and [0,1] 3 s+ a(s) € M™*! the discretization of size
n of c. We denote as usual by q := ¢;/|c;|'/? and (qx)x
their respective SRV representations. When n — oo and
|| — 0 while n|7y| stays bounded for all 0 < k < n,
the coefficients of the discrete geodesic equation (20) for
« converge to the coefficients of the continuous geodesic
equation (7) for ¢, i.e.

Viszo'(s) = —ro(s) + o(1),
Via(s) = —lau(s)|(ri(s) + 7i(s)") + o(1),
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for all s € [0,1] and k =0,...,n — 1, where r,,_1 =0
and for k=1,...,n— 2,

3=

1 n—1 .
ri(s) == — Z P

(R(q,Vsq)es(s, L)) = r(s, &),
néik—&-l

n—oo

with the exception that the sum starts at £ = 0 for ry.
More details on this can be found in Appendix B.

Remark 6 (Euclidean case and existence of geodesics)
Just as in the continuous case, when M = R?, the cur-
vature terms Ry’s vanish and we obtain

zo"(s) =0, qi(s)=0, k=0,....,n—1, Vse][0,1],
i.e. the geodesics are composed of straight lines in the
SRV coordinates. We can again avoid the problem of
the g (s)’s going through zero by allowing two consec-
utive components z; and zpy; to be equal, and set-
ting ¢ = 0 when that happens. In that case, we get
a complete finite-dimensional manifold, which is by the
Hopf-Rinow theorem geodesically complete, i.e. any two
curves can be linked by a minimizing geodesic. Indeed,
since the SRV coordinates of geodesics are straight
lines, a sequence in (R)"*1 converges if and only if its
SRV coordinates g, qo, ..., qn_1 converge in R? (the
sequence subscript is omited), and so the completeness
of (R?)"*+! follows from that of R?. The question of
whether this property still holds in the non flat case is
postponed to future work.

Using equations (20) we can now build the exponen-
tial map, that is, an algorithm allowing us to ap-
proximate the geodesic of M™*! starting from a point
(29,...,29) € M™! at speed (uo,...,u,) with uy €
T,,M for all k =0,...,n. In other words, we are look-
ing for a path [0,1] 3 s = a(s) = (xo(s),...,zn(s))
such that z,(0) = 29 and z;/(0) = uy for all k, and
that verifies the geodesic equations (20). Assume that
we know at time s € [0, 1] the values of x(s) and x4’ (s)
for all k =0,...,n. Then we propagate using

z(s + €) = log,, (s €xi’(s),
2 (s +€) = (w1 (8) + eVixy/(5))

5,5+€
In the following proposition, we see how we can com-
pute the acceleration V,x)’ for each k.

Proposition 8 (Discrete exponential map) Let
0,1] 3 s = a(s) = (xo(s),...,zn(s)) be a geodesic
path in M™ 1. For all s € [0,1], the coordinates of its
acceleration V! (s) can be iteratively computed in the

following way

1 -
Vg = —ﬁ(Ro + 17 (Ry)
o f5T oo fTh(Ra)),
p 1
Varkp'l = Vafi(@r) + fu(Vaan') + ~Vage(Vaar)
1
+ ggk(vg%) + R(7k, Yie) (s 1),

for k =0,...,n— 1, where the Ry’s are defined as in
Proposition 7, the symbol -l denotes the parallel trans-
port from x11(s) back to xk(s) along the geodesic link-
ing them, the maps Vs fi. and Vg, are given by Lemma
2, Yy is given by Equation (19) and

Vv = i (VsTk: - vsTkT) )
|7k

1
Vst = L (vsTk - Vs7_kT> )
V 17l 2

1 _
Vige = - gt )(Rk+1 + {01 (Rig2)

o [ oo A (Ra)).

VsTk: = (DTO/)ka

Proof The proof is given in Appendix B.

The equations of Proposition 8 allow us to iteratively
construct a geodesic s — a(s) in M™*! for metric G™
from the knowledge of its initial conditions «(0) and
a/(0). The next step is to construct geodesics under
boundary constraints, i.e. to find the shortest path be-
tween two elements ag and o of M"t1,

3.2.3 Jacobi fields and geodesic shooting

As explained in Section 2.2.2 for the continuous model,
we solve the boundary value problem using geodesic
shooting. To do so, recall that we need to character-
ize the Jacobi fields for the metric G, since these
play a role in the correction of the shooting direc-
tion at each iteration of the algorithm. Recall also that
for any geodesic s + «(s) in M™T! and Jacobi field
s +— J(s) along «, there exists a family of geodesics
(—0,9) 2 a — afa,-) such that «(0,s) = a(s) for all s
and

Proposition 9 (Discrete Jacobi fields) Let [0,1] 3
s = a(s) = (zo(s),...,xn(s)) be a geodesic path in
M"H10,1] 3 s+ J(s) = (Jo(8),- .., Ju(8)) a Jacobi
field along «, and (—6,9) 3 a — a(a,-) a corresponding
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family of geodesics, in the sense just described. Then J
verifies the second order linear ODE

1 _
V2Jo =R(xo', Jo)zo' — -~ (VaRo + fé )(vaRl) +

+ 500 f;é(vaRn_n)
n—2 k

ffz . (é—))o ~Of,§_)(Rk+1),
k=0 ¢=0

V21| = fu(V2 ) + 2V fi(Vadi) + V2 filJi)

+ %gk(vivafﬂc) + %ngk(vsva%) + %Vigk(vaqw
+ 2R (7h, Vi) (Vs o1 1) + R(V 71, Vi) (T g1 1)

+ R(7k, VoVi) (Jrsr ) + R, Vi) (R(Yk, Tk)(Jk+1”))a
for all0 <k <n—1, where Ry, :== R(qx, Vsqr)xr' and

the various covariant derivatives according to a can be
expressed as functions of J and VsJ,

VR = R(vaqk7 Vst)xk/ + R(Qk, VsVaqr
+ R(J, 2" )a)ze’ + R(qk: Vi) Vs,

1
Van = \/T <Va7—k - vaTkT> ) va'rk = (DTJ)ka
|Tk| 2

1
Vavk = — (Vame — VaTkT) )
|7k
VsVaagr = ”gkil((vsc]k+1)” +R(Yk,Tk)(Jk+1|‘)
— Ve fe(Tk) = fe(Vsdk)) +n V(967" (Jepa! = fe (1)),
n—1
ViVas = > gl o g o0 [ (VaRe)
f=ht1
+ R(V ' Je)ar + Rz, VeTp)arw + 2R (2", Ju) Vaar
n—1 £—1

L S0 o V(A7) oo fNRY),

" ik
VoY = (Vo) + b (Ve )N + 05 (21)Y
+ (1 — bk)(<xk', \Y% Uk>’l}k<a'}kl,vk>v Uk) + l(vak)T
+ i — (V2 40, (KT o ) (Vo)™

b (4 K ) (T Ve + (Ve v Vo),

with the notation conventions f,gjr)l 0...0 f,g:)l = Id,

n—1

:= 0 and with the maps

l=n
Vo (5 7) ) = (Vaf) O w) + i (R(Zk. ) (wii ),
(glg )) = (Vag)\” )(w)+9k(R(Zk,Tk Wh1! )

Ve(ge ™) (w) = Oslgr| ™ axlgr ™ (w) +|q| " 0s(b; ") w

+ [gi| ™! (1/2 — b, ") ((w, Vsvp)og + (w, 05) Vsor),

and

Z = BT 4+ o N

+%VaTkT+K " |2 il vl

Proof The proof is given in Appendix B.

The equations of Proposition 9 allow us to iteratively
compute the Jacobi field J along a geodesic « - and
in particular, its end value J(1) - from the knowl-
edge of the initial conditions {J;(0),0 < k < n} and
{VsJx(0),0 < k < n}. Indeed, if at time s € [0, 1] we
have Ji(s) and VJi(s) for all k = 0,...,n, then we
can propagate using

(Jk (8) + EVSJk(S))ﬂck,xk+1 7
0+ T

Je(s+¢€) =
VsJi(s+e€) =

where V2Jy(s) is deduced from V?2Jj_1(s) using Propo-
sition 9. We can now apply Algorithm 1, where we
replace the smooth geodesic equations (7) by the dis-
crete geodesic equations (20) and we solve them us-
ing the exponential map described in Proposition 8.
Notice that in M"*!, the k' component of the L?-

logarithm map between two elements ag = (2, ...,22)
and ag = (z§,...,xL) is given by log,,0 (z3).
Algorithm 3 (Discrete geodesic shooting)
Input: g = (29,...,20), a1 = (2g,...,2}).

2

Initialization: w = logg0 (o).
Repeat until convergence :

1. compute the geodesic s — «(s) starting from ag at
speed w using Proposition 8,

2. evaluate the difference j := logi?l)(al) between the
target curve ay and the extremity «(1) of the ob-
tained geodesic,

3. compute the initial derivative Vs J(0) of the Jacobi
field s — J(s) along « wverifying J(0) = 0 and
J(1) = j using Proposition 9,

4. correct the shooting direction w = w + V4J(0).

Output : geodesic (s).

Recall that the map ¢ : T, 0)M — ToyM, Vs J(0) —
J(1) associating to the initial derivative V;J(0) of a
Jacobi field with initial value J(0) = 0 its end value
J(1), is a linear bijection between two vector spaces
which can be obtained using Proposition 9. Its inverse
map can be computed by considering the image of a

basis of Tc(O) M.

3.3 A discrete analog of unparameterized curves

The final step in building our discrete model is to intro-
duce a discretization of the quotient shape space. There
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seems to be no natural, intrinsic definition of the shape
of a discrete curve, as by definition we are lacking in-
formation : we only have access to a finite number n+1
of points. Therefore we will make the assumption that
we know the equations of the underlying curves, that
is, that for each discrete curve a, we have access to the
shape & of the smooth curve of which « is the discretiza-
tion. In practice, we can set & to be the shape of an op-
timal interpolation. The goal, for two elements «aq,
of shapes aqg, a7, is to redistribute the n + 1 points on
a7 to minimize the discrete distance to the n+ 1 points
ag on @, and obtain

opt

a?" = argmin{d, (ag, @) | & has shape 7}, (21)

where d,, is the geodesic distance associated to the dis-
crete metric G". We approximate 7" * using Algorithm
2, i.e. by iteratively computing the "horizontal part"
of the geodesic linking g to an iteratively improved
discretization of @y. Since there is no "discrete shape
bundle", we simply define the vertical and horizontal
spaces in « as the discrete analogs of the ones of the
smooth case

Ver? := {mv :m = (mg)r € R"™', mg =m,, =0},
Hor? := {h € T,M™" : G™(h,mv) =0
Vm = (mg)r € R™, mg = m,, = 0},

where v = (vy) is still defined by (13). Similarly to the
continuous case, we can show the following result.

Proposition 10 (Discrete horizontal space) Let
a € M"*t and h € T,M"*'. Then h € Hor! if and
only if it verifies

T _
—4 7 <(D'rh)k717bk_11@ku

<(DTh)ka’Uk> |Tk_1|

+ (% — b;:_ll))\k—lvk—1> =0.
with the notation \p := (v,‘l+1,vk>. Any tangent vector
w € ToM™H can be uniquely decomposed into a sum
w = W + wh°" where W = mv € Verl, whor =

w—muv € Hor,, and the components (my,)i verify mo =
my1 = 0 and the following recurrence relation

ver

Apmpy1 + Bymy + Cymy_1 = Dy, (22)

with coefficients

A = g,
Bi= 1417l g2 1y b
k=—1- |Tk71|(k LA (= 02D,
-
Cy = 7l k—1s
|Th—1]

Dk = <(D7'w)k'avk'> - 47|_Tk| | (b];—ll<(DTw)k_1’vl‘€|>

+ (7 = ol DA ((Drw) g1, vp 1>)

Proof Let h € T, M be a tangent vector. It is horizontal
if and only if it is orthogonal to any vertical vector, that
is any vector of the form mv with m = (my), € R
such that mg = m,, = 0. Recall that by definition

(Dyw)g = (wipr ! — wi)” + b Hwi | = agwi)™,

and so with the notation A\ := (vk+1“,vk>, we get

(D7 (mo))E = myeg1(visr )™ = myvp
= (M1 Ak — Mk ) Vg,
(D (mv)Y = by miga (vea Y

= b;lmk+1(1}k+1” — ApUk)-

The scalar product between h and muv is then

Z (b M1 ((Drh)is v | = Aevr)
k=0

+dmiri e = ma) (Dres o) ) el ™!

G (h,mv)

= N\ Mkt _
Z ] ( D h)k,'Uk+1 Akvk>
nflm
+%>\k<(D7h)k,vk>)*i m«D 7h)ks VK-
k=0

Changing the indices in the first sum and taking into
account that my = m,, = 0, we obtain

n—1

Z mk(\Tk—1|_1<(Drh)k—17 b;;llvku
k=1

+ (3 = b DM 1vk—1) — i|Tk|_1<(Drh)k,vk>) =0.

Since this is true for all such m the summand is equal
to zero for all k£ and we get the desired equation. The
decomposition of a tangent vector w into a vertical part
mv and a horizontal part w — mv with m = (myg)x €
R™*! such that mg = m,, = 0, is then simply charac-
terized by the fact that w — muv verifies this equation.

In the discrete case, soving the ODE (8) to find the
horizontal part of a vector simply boils down to solving
the recurrence relation (22), allowing us to compute
the coefficients of the PDE (12). Now we present an
algorithm to solve a discrete version of this PDE and
compute the discrete analog of the horizontal part of a
(discrete) path of discrete curves.
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Algorithm 4 (Horizontal part of a path)
Input : a(s) = (zo(s),...,xn(s)), s=0,=,...,1.
Initialization : for k=0,...,n,

p(0)(5) =1,

Forj=0,....m—1,

21 (0) = 1 (0).

1. set s =j/m, mo(s) = mpy1(s) =0 and solve
Bl A1 tee 0 mi Dl
- . . .

A = {ZE:ZE;E:—) ;;0)(()(;; e <0
pr(s)(£) = T A5 (),
pls+ ) (E) = o(s)(£) + Los(s) (%),

3. interpolate between the {x)(s+ L),k =0,...,n} to

obtain N + 1 values {y¢(s + =),{ =0,...,N} and

interpolate between the {o(s+ L)(£), k=0,...,n}
to obtain N +1 values {w(s%—%)(%),ﬁ =0,...,N},
4. fork=0,...,n,
find £ s.t. % <¢Y(s+ %)(%) < %,
set 1p (s + L) =yo(s+ ).
Output: a"°"(s) = (zfo"(s), ..,xlor(s)),s =0, L, ... 1.

Step 1 computes the coefficients of the PDE. The
Ay, By, Cy, Dy, are computed using the definitions of
Proposition 10 for w = d/(s), ie. (D;d/(s))p =
Vs7i(s). Step 2 solves the PDE. The increment Agp
is a discretization of the t-derivative, and so it is cru-
cial to make it depend on the sign of m in order to
follow the characteristic curves. Steps 3 and 4 simply
inverse the reparameterization ¢ obtained after step 2
in order to deduce the horizontal part of a. It is im-
portant to note that for s = 1, interpolation between
the points {x(s),k = 0,...,n} should be achieved so
as to remain on the initial shape (1), obtained e.g. by
spline interpolation of the points of a(1). Finally, we
can perform optimal matching in the discrete case.

Algorithm 5 (Discrete optimal matching)
Input: ap = (x),...,2%), 01 = (z},...,z}).
Initialization : & = o.

Repeat until convergence :

1. compute geodesic s — a(s) = (xo(s),...,xn(s)) be-
tween ag and &y using Algorithm 3,

2. compute s + aT(s) = (2P (s),...,z"°"(s)) the
horizontal part of a using Algorithm 4,
3. set a; = alor(1).

opt

Output : o] = aq.

4 Simulations

We test the optimal matching (OM) algorithm in sev-
eral settings : for curves in the hyperbolic half-plane H?2,
for curves in R? and R3, and for curves on the sphere
S?. Regarding the geometry of H? and the useful algo-
rithms such as the exponential map and the logarithm
map, we refer the reader to [10]. Concerning the geom-
etry of S2, we have used the same formulas as those
given in appendix in [24].

We start by comparing Algorithm 5 to the popular
dynamic programming (DP) method, presented e.g. in
[16]. This alternative approach to optimal matching be-
tween two curves c¢; and ¢y considers a discrete grid of
[0,1]x [0, 1] and tries to find the optimal non-decreasing
path o(¢) in that grid that puts into correspondence
c1(t) and ca(p(t)). To do so, at each point (t1,¢2) of
the grid, it tests all the possible matchings between
the pieces of curves ¢1([0,¢1]) and c2([0, t2]), and keeps
only the one that gives the shortest geodesic. This boils
down to testing all the non-decreasing paths that lead
to this point. Since this is computationally costly, the
algorithm only tests the paths going through the points
located at the bottom-left in a square of a certain size,
as shown in Figure 6. Even though the computations
are additive, this method requires to compute a large
number of geodesics. Results of comparison of Algo-
rithm 5 to this method are shown in Figure 8 for a pair
of curves in R? and three pairs of curves in R3. The
DP method is carried out for a square of side s = 7.
The first row displays the geodesics between the initial
parameterized curves (which are all arc-length param-
eterized except for the second example) and the second
and third rows the horizontal geodesics obtained with
the optimal matching and dynamic programing algo-
rithms respectively. We can see that the two methods
give very similar results : in the first example, at each
extremity, a portion of the circle is matched to almost
a single point of the segment, in order to maximize the
portions in correspondence where the speeds are posi-
tively colinear. In the second example, we consider two
curves in R? that are identical modulo translation and
parameterization. This difference in the parameteriza-
tion induces an artificial deformation of the geodesic
(first row), which is "straightened out" in the horizontal
geodesics given by both methods. The last two exam-
ples illustrate the fact that arc-length parameterization
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Fig. 6 Illustration of the dynamic programming algorithm.

does not always yield a relevant matching : in the third
example, it seems more natural to put into correspon-
dence the portions of the curves that are "before the
turn", and to match together the ones that are "af-
ter the turn", as given by both the OM algorithm and
DP. The fourth row shows the corresponding optimal
matchings, i.e. the optimal reparameterizations ¢ such
that ¢1 () is matched to ca(p(t)), in red (OM) and black
(DP), and we can check in the fifth row the horizontal-
ity of the solutions by looking at the ratio, in norm,
of the vertical part of the speed vector of the geodesic
divided by its horizontal part. We can see that this ra-
tio is largely reduced from the initial geodesic (dashed
black line) to the horizontal ones (full red and black
lines). Finally, the lengths of the geodesics of the first
three lines of Figure 8 are given in Table 1 in the corre-
sponding order, showing that the horizontal geodesics
are indeed shorter. The lengths on the first row give
the distance between the initial parameterized curves,
while the lengths on the second and third row yield a
distance between the shapes.

To summarize, it seems that both methods give very
similar results when tested on the same metric : they
both tend to put into correspondence the parts of the
curves that have same shape and orientation. However
the dynamic programing approach requires the compu-
tation of a large number of geodesics between pieces
of curves, whereas in the examples shown here (Fig-
ures 9 to 11), the number of iterations required range
from 4 to 12, resulting in the same amount of geodesic
computations. It should also be noted that it is usually
the first iteration that gives the biggest "jump" on the
fiber, i.e. that results in the most important reparame-
terization of the target curve. It could therefore also be
used to get a good initialization for some approximate
faster method.

We then consider examples where the base mani-
fold has negative curvature. Figure 9 shows horizontal
geodesics obtained using the OM algorithm as well as
the corresponding optimal matchings in [0, 1] x [0, 1],

4.2

3.6
0

Fig. 7 Stability of the norm of the speed of a geodesic ob-
tained by geodesic shooting as the number of points used to
compute it increases.

for plane curves (first row) and the same curves tak-
ing their values in the hyperbolic half-plane (second
row). We can see that the geometry of the base man-
ifold significantly influences the optimal matching be-
tween two given curves. To evaluate the performance of
the geodesic shooting algorithm used to perform OM,
we display in Figure 7 the evolution of the norm of the
speed of the geodesic obtained for the two curves on the
bottom-right corner of Figure 9 (the vertical and hor-
izontal segments of H?) as the number of points used
to compute the geodesic increases (from 20 to 500).
The evolutions of the maximum and minimum values
maxe(o,1] |cs(8)], mingeo,1][cs(s)| are shown in dashed
lines, and that of the mean value with a full line. We can
see that the more refined the discretization, the closer
we get to a geodesic. It is to be noted that these two
segments are the same as those considered in [18] to
illustrate an extension of the SRV framework to curves
in Lie groups. Since this metric structure coincides with
the one studied here in the planar case, it is not surpris-
ing to find similar results for the plane curves. However,
the results in H? are quite different.

Finally, we show illustrations on the sphere. Figure
10 shows geodesics before (top row) and after (bottom
row) optimal matching, for two pairs of curves repre-
senting hurricane tracks from the NASA Tropical Storm
Tracks Database!. Once again we can see that the op-
timal matching algorithm seems to "flatten out" the
deformation between two curves. In the last figure, we
show a set of plane trajectories between Paris and Cara-
cas downloaded from the IAGOS-MOZAIC database 2.
It is visually clear that there are two clusters, probably
due to different weather conditions. These clusters are
eagsily retrieved using agglomerative hierarchical clus-
tering based on the horizontal geodesic distance. We
can find the centers of these clusters by computing the
Fréchet means, i.e. for each cluster, the curve that mini-

! https://ghrc.nsstc.nasa.gov/storms,.
2 http://iagos.sedoo.fr/.
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Fig. 8 Optimal matching between curves in R? or R3 in the SRV framework achieved using Algorithm 5 compared to
dynamic programming. The first line shows the geodesics between the initial parameterizations, the second line the horizontal
geodesics obtained with Algorithm 5, the third line the horizontal geodesics obtained with dynamic programming, the fourth
line the optimal matchings for our method (in red) and dynamic programming (in black). The fifth line shows the ratio
vertical /horizontal, in norm, of the speed of the initial geodesic (dashed line), the horizontal geodesic obtained with Algorithm

5 (red) and the horizontal geodesic obtained with dynamic programming (black).

Table 1 Length of the geodesics shown in the first three lines of Figure 8, displayed in the same order.

4.400 | 4.349 | 10.785 | 10.478
4.300 | 3.000 | 9.680 9.305
4.301 | 3.000 | 9.691 9.307
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Fig. 9 Horizontal geodesics and the corresponding optimal matching between curves in R? (first line) and H? (second line).

Fig. 10 Geodesics between hurricane tracks in S? before (top) and after (bottom) optimal matching.

Fig. 11 Plane trajectories between Paris and Caracas (left) and Fréchet mean curves of the two clusters given by agglomerative

hierarchical clustering (right).
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mizes the sum of the squared distances to all the curves
of the cluster. This can be achieved using a Karcher flow
algorithm, summarized as follows.

Algorithm 6 (Karcher flow)
Input: aq,...,anN.
Initialization : & = aq.

Repeat until convergence :

1. fori=1,...,N,
— compute the horizontal geodesic s +— a"°"(s)
from & to «; using Algorithm 5,
— set w; = (o) (0),
— update o; = a"°"(1).
2. set w= % Zivzl W,

3. update & = exp, w.
Output : &.

The obtained mean curves are shown on the right-hand
side of Figure 11.

5 Proof of Theorem 1

We conclude this paper with the proof of Theorem 1.
Let us first remind the result.

Theorem 1 Let s — c(s) be a C'-path of C?-curves
with mon wvanishing derivative with respect to t. This
path can be identified with an element (s,t) — c(s,t)
of C12([0,1] x [0,1], M) such that c; # 0. Consider the
Cl-path in M"t, s — a(s) = (x(s),...,2,(s)), that
is the discretization of size n of c¢. Then there exists a
constant A > 0 such that for n large enough, the differ-
ence between the energies of ¢ and « is bounded by

A _
|B(e) = B™()] < — (inf [ei]) ™ es]3,00 (14 leth,o0)”

where B and E™ are the energies with respect to metrics
G and G™ respectively and where

1,00 = |Ct|oo + |ViCt|so,
2,00 ‘= ‘cs|oo + |vtcs‘oo + |v?cs‘007

lct

|cs

and |w|so 1= Sup, 4e(0,1) [w(s,t)| denotes the supremum
over both s and t of a vector field w along c.

Proof (Proof of Theorem 1) To prove this result, we in-
troduce the unique path ¢ of piecewise geodesic curves
of which « is the n-discretization. It is obtained by link-
ing the points z¢(s),x1(s), ..., z,(s) of « by pieces of
geodesics for all times s € [0, 1]

é(sv %) = C(Sv %) = fEk(S),

é(s, )|[E k1] is a geodesic,

for k =0,...,n. Then the difference between the energy
of the path of curves E(c) and the discrete energy of
the path of discrete curves E™(«) can be controlled in
two steps :

|E(c) — E"(a)| < |E(c) — E(&)| + |E(¢) — E™(a)].
Step 1. We first consider the difference between
the continuous energies of the smooth and piecewise
geodesic curves

1 ,1
|B(e) — E(@)| = / / (IVaq(s, )P —[Vad(s,0)7) d ds

1 p1
S// [IVsq(s, t)[>—|Vsq(s, )| dtds
0J0

1 1
< / / (Vaa(s, )] + Va5, 8)]) -
0J0
IVoq(s, t)0% — Vd(s, t)bw|dt ds.

Note that the parallel transports Vsq(s,t)t’% and
Vs(j(s,t)t’% are performed along different curves —
c(s,-) and é(s,-) respectively. Let us fix s € [0,1],
0<k<nandt e [%,%] From now on we will
omit "s" in the notation w(s,t) to lighten notations.
Using the notation wll(£) := w(t)"% to denote the par-
allel transport of a vector field w from ¢ to % along its
baseline curve, the difference we need to control is

Vag! = V.l
= Jledd 2 (Voer = §Vae ) =] 72 (Vst = 5Vse. )|
= [(Vaer = §Vae ™) (e % — Jér] 72)

e 72 (Veer! = Vi) = §(Vael! = vie)T).
Since |w — w’'| < |w| for any vector w, we can write

|vqu - Vs AH| < |Vser| - ||Ct|71/2 (23)
—[ee| T2+ [ed TV Vel = V.

Let us first consider the difference \c‘tl — é,U\

G(t)bn = é:(£), we can write

e ()"

. Since

— &)
k

< le®)" — () +le(f) — a2

The first term is smaller than 1/n - |Vyc¢|eo. To bound
the second term, we place ourselves in a local chart
(¢,U) centered in c¢(£) = c(s, £), such that ¢([0,1] x
[0,1]) C U. After identification with an open set of R¢
— where d is the dimension of the manifold M- using

this chart, we get

e () — en(E)] < e

+ |ex(

k
n

) = n (c(BE) — ¢
+1

k
)= (e — oB)].

SIE 3|
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Since a geodesic locally looks like a straight line (see
e.g. [6]) there exists a constant Ay such that
([

e (B) = n(e(BEL) — c(2))| < Ayfe(EEL) —

and so

ler(£) — e(5)] < gklerloo + 32lenl2-

The second derivative in t of the coordinates of ¢ in the
chart (U, @) can be written cy! = Vet — Ffjctictj for
{=1,...,d, and so there exists a constant Ao such that
leee| < Ao (‘Vtct|oo + Ict\io)7 and

e =] < 32 (eehoe + lerff oc) - (24)
This means that for n large enough, we can write e.g.
%inf|ct| S |ét| S %‘Cdoo. (25)

From (24) we can also deduce that

llee] — || e} — &
\Ct\% +|ét|é B |Ct|% +|ét|% (26)

< 23 (inf |eg]) "%(|ee] 1,00 + et o) -

_1 PO
‘|Ct| 2 — & "’\:

Let us now consider the difference |Vsct” v |. Since
k A k
cs(8, 1) = Es(s, 1), we get

2| Vies|oo-

(27)

| < 2i| tCS|oo

We can decompose Viés(s,t) = V V(s t) =
VsViéi(s,t) + R(é, ¢5)ée(s,t), and since Viéy(s,t) =0
and [R(X,Y)Z] < K| - ((¥ Z)[IX] + (X, Z,)[[V]) <
2|K|-|X]|-|Y]-|Z]| by Cauchy Schwarz, we get using
Equation (25)

IViesl < 20ef |es] < SleelZolés]- (28)
To bound |és| we apply Lemma 1 to the Jacobi field

J 1 [0,1] 3 u s (s, EE) along the geodesic y(u) =
é(s, ), that is

J(w)"? = J(0)T + ag(u)J(0)Y

+ uth(O)T 29

+ b (u) Vi J(0)N

¢i(s, &) = 73,(s), the coefficients

3=

where, since 7/(0) =
are defined by

sinh (|7 |u)

ar(u) = cosh(|7g|u) , br(u) = e, K= -1,

ak( )—1 bk(u): KZO,

ag(u) = cos(|mp|u), b(u) = %7 K =+1.
This gives J(1)10 = J(0)T + ax (1) J(0)N + V. J(0) +

V:J(0)" and so
JO) = (JW) = 7(0)"
vtm> b()(ﬂ)O—%mﬂmW.

Injecting this into (29), we obtain since u = nt — k and

és(sa %) = 65(57 %)7

br(1)

&s(t)m = CS(%) (nt - k)03<% N
+ (nt — k) (es (BEL) S5 — e (B))T (30)
+“ﬁﬁ%<i—l

When n — 00, ag(l) — 1, by(1) — 1, and since 0 < nt—
k<1, ar(nt —k) = 1, bp(nt — k) — 1 also. Therefore,
for n large enough we can see that |és] < Aglcs|oo for
some constant 4. Injecting this into (28) gives

|V?63\m < %|ct|c2>o|cs|om

and so the difference (27) can be bounded by

|vsct” - vsét”| S %(|V?cs|oo + c2>o|cs|oo)
< A2 feslzoo (14 et o),

6) and (31) in

N
2*led (31)

for some constant As. Injecting (25), (2
Equation (23) we obtain

|mw—vgw<ﬁmmmrﬂmudmnm+Mﬁ@
+ Y2 (inf |, ) 72 |gla,00 (1 + |erf? o0) »
Vgl — Vigll| < 28 (inf |c,]) % |es]2,00 (1 + letl1,00)°

(32)

for some constant Ag. To conclude this first step, let us
bound the sum

IVsal + Vsl

= |ee|TF|Voer — 1V 7|+ 6|72V — 2,87

< (inf [er]) 2| Vies]oo + V2(Inf |er]) 72 | Viés| oo

(33)

Taking the derivative according to ¢ on both sides of
(30), we get since n|7x(s)| = |é(s, %)"

= |ec(%)len(nt — k)es(2)Y
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since derivation of the coefficients give b} (u) = ag(u)
and aj,(u) = |7lex(u) = 2]é(£)[ex(u), where

sinh (|7 |u), if K = -1,
ep(u) =40 if K =0,
—sin (|7g|u) , if K = +1.

Since the coefficients ey (nt — k), ar(nt — k)/br(1) and
ax(1) are bounded for n large enough, and since |é&| <
31¢t|oo, We can write for some constant A7,

[ViCsloo < M (16t oCsloo + | Vics|so) »
< 37 e 2,00 (14 [et]1,00) -

Inserting this into (33) gives
IVsql + Vg
< (inf |Ct|)71/2(|vt65‘oo + 32 |CS|2 0o (14 |Ct|1 00))

< As(inf |ee]) 72 |es]2,00 (1 + [er]1,00)-
(35)

Finally, we are able to bound the difference between the
energies of the smooth and piecewise-geodesic paths by
combining Equations (32) and (35)

_ B(#) < 2o

Step 2. Let us now consider the difference of energy
between the path of piecewise geodesic curves and the
path of discrete curves. Since V,qx(s) = V44(s, £) for
all s € [0,1] and 0 < k < n, we can write

|E(e) —
(/ V(s £)|Pdt — % 3 |Vsqk(8)|2> ds
k=0

S
S

|E(c)

(inf Jer)) ™ les 3,00 (1 4+ [crl1,00)*

E™ ()]

|Vl OF = [ai(s, D | de ds

|vsq S t)| + |st(8 7)|)

[Vod(s, 1) — Vid(s, )| dt ds.
We fix once again s € [0,1],0 < k <nandt € [£ EEL],
As in step 1, we will omit "s" in most notations. Since
|€c(t)] = fex( n)|, we get
V()" — V(L)
< Jle(®)17F (Voar®) = Voaa(%)
. k . T
S \ORERIC) |

Considering once again the Jacobi field
J(u) = éS(kJrTu)’ € [07 1]’

along the geodesic v(u) = ¢(£t%), Equation (29) gives

és(t)t’% = CS(E)T+ ay(nt — ]f)CS(%)N
+(t = %)vtés(%)T + b (nt — k)%vtés(%)f\’

Recall that b} (v) = ax(u) and aj,(v) = |7x|ex(w), and so
taking the derivative with respect to ¢ and decomposing

Vies(B)T = Vié5(E) — Vie,(£)N, we obtain
Vits ()7 = Vg (B) = [er(E)er(nt — k) - es(2)Y

+ (ak(nt —k)— 1)Vtés(%)N.
Noticing that % — 1 and % — 0 when

n — 0o, we can deduce that for n large enough,

lex(nt — k)| < 2(nt — k)|7| < 2/me| = 2[er] < 2
|ak(nt— k) — 1| S (nt— k)|7'k| S |Tk| =

|ct‘oov

%‘Ct‘ < %|Ct|oo'

This gives

k+1
k

/" |Viés(s,8)0n — Viés(s, &) dt

n

S %(|Ct|oo|cs|oo + Ict|oo‘vtcs|oo)

Recall from (34) and (35) that

|vtés‘oo S &|Cs|2 oo (1 + |Ct|1,oo> )

A 1L
Vsdloo < 222 (inf o) 72 [esl2,00 (1 + let]1,00) ,

and so
k41
(V1 VL)) - 190" = Vag(h)]ar
5 kt1

< 2|Vsd|oo\[2(inf|ct|)_%/€ V() — Vel (E)] di

< 6A7(inf [er]) ™ |es]2,00 (14 [et]1,00) 722 (let 2 s
+ |Ct|oo%|cs|2,oo (1 + |Ct|1,<>0))

< 28 (infee) 7t es|3 oo (1 + leel1,00)*.

Finally, we obtain
A n Ag (. -1 2 3
1B(&) = B™(a)] < = (inf |ee]) " leslz 00 (1 fet]1,00)”

which completes the proof.
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Appendix A

Lemma 1 Let~:[0,1] = M be a geodesic of a mani-
fold M of constant sectional curvature K, and J a Ja-
cobi field along v. Then the parallel transport of J(t)
along v from ~y(t) to v(0) is given by

J(t)H0 = JT(0) + a(t)JN(0)
+ Ve JT(0) + b (1) Ve TN (0),

for allt € [0,1], where

k() = cosh (| (0)[t) , bi(t) = W K =-

an(t) =1, bi(t) = t, = 0,
ar(t) = cos (/' (0)[t), br(t) = 7““&7(5??'”, K = +1.

Proof As a Jacobi field along ~y, J satisfies the well-
known equation (see e.g. [7])

=R(J(®),7 ()7 (#)-

If M is flat, we get VZJ(t) = 0 and so J(t) = J(0) +
tV:J(0). If not, we can decompose J in the sum J =
JT 4+ JN of two vector fields that parallel translate along
v, JT = (J,v)v with v = /||, and JN = J — JT.
Since (V2J,7') = 0 and 4/ is parallel along v, we get
by integrating twice that

= (V1J(0),7/(0))t + (7(0),7'(0)),
;0(0)t 4 (J(0), v(0)).

ViJ(t) =

= (ViJ(#),v(1)v(t) =0,

the normal component JV is also a Jacobi field, that is
it verifies

VEIN(t) = =R(IN (1), 7' () (1)

And since M has constant sectional curvature K, for
any vector field w along v we have

(RN, AW w)y =K ()Y wy— (I, 7Y+ w))

= (K|y'PIN, w),

and the differential equation verified by JY can be
rewritten VZJN(t) = —K|vy(t)]> JN(t). Since the
speed of the geodesic v has constant norm, the solu-
tion to that differential equation is of the form

IN () = (Aewow n Me—wont) w(t),
when K = —1 and
JN(t) = (Aeiwont i ue—iwont) w(t),

when K = 1. Using the initial conditions JV(0) and
Vi JV(0) to find the constants A, u, we get for K = —1

sinh(|v'(0)¢)

N _
TR = RO

I (0) cosh (|'(0)[t) + VTV (0)

and for K = 1, the same formula with cosine and sine
functions instead of hyperbolic cosine and sine.

Lemma 3 The covariant derivatives of the func-

tions f,i_) and g,(c_) with respect to s are functions

Toir(syM — Ty, ()M given by

Vs(flgf)) Dw

Vs (g,(c_)) D

(Vo) (W) + fu(R Vi, 1) (wria!)),
(Vagr) () + gi (R (Yie, 70) (i),

where
(Vef) () = Vafi(s) 0 PG ),

(Vag) (&) = Vagi(s) o Pi’“éﬁ“)’”“)v

+K
|k|

if K is the sectional curvature of the base manifold.

Vi = (z")" + b ()N + §Vs7'k v sTEY,

Proof Fix 0 < k < n and let w41
a vector field along the curve xj11
definition,

: s — wir1(s) be
0 s+ zq1(s). By

+1) + f,§‘>(v Whi1),
)+9k (V Why1)-

Consider the path of gedesics s — 7i(s,-) such that
for all s € [0,1], v(s,0) = zx(s), 7k(s,1) = xp41(s)
and t +— yi(s,t) is a geodesic. We denote by wy 1!
the vector field along the curve zj; obtained by par-
allel transporting back the vector wg41(s) along the
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geodesic Yi(s,-) for all s € [0,1], i.e. wpiqll(s) =
P! ’(s 3 (wi1(s)). We have

Va4 (i) = Vo (fr(wia )
= stk(wk+1|‘) + fr (Vs(’LUk_HH)),

(36)

and so we need to compute Vs(wkﬂ\l). Let V (s, t) :=
Pvlkt(s )(wk+1) so that V,V(s,1) = V,wpi1 and
Vs V(Sa O) = vs(wk-i-lu), then

1
VSV(S, 1)1’0 = VSV(Sa 0) + / VtvsV(S,t)t’Odt,
0
1
= VsV(s,0) +/ R(Ove"°, 051" 0 )V (s,1)"0dt,
0

since V,V = 0, and where 9y (s,t)"°
since VR =0,

= 7(s). We get,

1
(Vewp1)l = Vs(wk+1|)+R<Tk7/ 5s%t’0dt)(wk+1”)~
0

(37)

To find an expression for d,7,"", we consider the Jacobi
field J(t) := Osyk(s,t) along the geodesic t — (s, t).
The vector field J verifies

J(0) = 21(5), J(1) = 241" (s), ViJ (0) = Vimi(s),

where the last equality results from the inversion
Vtasfyk(sa O) = Vsat’Yk(S, O) and at’Yk(& O) = Tk(s)' Ap—
plying Lemma 1 gives, for all k =0,...,n —1,

=2/ (s)T + an(s,t) 2’ (s)

+t VSTk(S)T + bk(& t)VSTk(S)N

35% (87 t>t70

with the coefficients

cosh (|7(s)]t) , if K = —1,
ag(s,t) =1 it K =0,
cos (|me(s)[t), if K =+1,

sinh (|7 (s)[t) /|7 (s)| if K = —1,
bu(s,t) =4 1 if K =0,
sin (|7 (s))[t) /|7e(s)] if K = +1.

Integrating this and injecting it in (37) gives

Ve(wir!) = (Vower) + R Vi, 7)) (wia!),  (38)

where Y}, is defined by

Yk:(mk/)T—l-bk(l‘k/) IV sTk +K| |2 VTk ,

and injecting this in (36) finally gives,

Vs (f 7 (wir1)) = Vi fulwis ) + fi (Vswps))

+ fe(R (Y, ) (wi1 "))
)(wig1) + fk N (Vswii1)

+ [ (R (Y, ) (wk+1u))

which is what we wanted. The covariant derivative
Vs (g,(c_)(wkﬂ)) can be computed in a similar way.

= (Vo /i)

Appendix B

Proposition 6 (Discrete geodesic equations) A
path s — a(s) = (20(s),...,2,(s)) in M is a
geodesic for metric G™ if and only if its SRV repre-
sentation s — (zo(s), (qx(s))r) verifies the following
differential equations

1 _
Vs-'L'O/ + E (RO + f(g )<R1)
+ £ 00 £ h(Bu)) =0,
9 1
Viar + — gk (RkH + fk+1(Rk+2)

o f o0 S h(Raen)) =0,

for all k = 0,...,
Ry =R

Proof We consider a variation (—4,d) 3 a — af(a, ) =
(zo(a,-),...,xn(a,-)) of this curve which coincides with
a for a = O, ie. a(O,s) = a(s) for all s € [0,1], and
which preserves the end points of «, i.e. a(a,0) = a(0)
and afa,1) = «(1) for all a € (—4,6). The energy of
this variation with respect to metric G™ can be seen as
a real function of the variable a and is given by

1 1 1 n—1
E"(a) = 5/0 <|8Sxo(a,8)|2 +- Z |VSQk(a7S)|2> ds,

k=0

n — 1, with the notations (13) and
(ar: Vsqr)zi'.

and its derivative (E™)’(a) with respect to a is

/01 <<8aasx05 6s$0> + :an_:l <VQVSQI€7 Vst>> dS
=0
:/1 ( asaamo,85x0>
0

n—1
1
+ E kz_o <V5Vaqk + R(aal'k, 8Sxk)qk, vsqk>> ds’

:—/01 <V (0sxg) , 8x0>+%z<v Qk,Van>

+ (R(qk, Vsqr)0sxg, O !Ek )
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where we integrate by parts to obtain the third line
from the second. The goal is to express d,z) in terms
of d,z¢9 and V,q, £ = 0,--- , k. That way, the only
elements that depend on a once we take a = 0 are
(0a0, Vaqo, +* , Vagn—1) which can be chosen inde-
pendently to be whatever we want. Let us fix 0 <
k< n-—1and s € [0,1] and consider the path of
geodesics a — i(a,-) such that yx(a,0) = zx(a,s),
Yi(a,1) = zpi1(a,s) and Opyk(a,0) = 7x(a,s) =
108, (a,5)(Tk+1(a, s)). Then by definition, for each a €
[0,1], t — J(a,t) := Oa7k(a,t) is a Jacobi field along
the geodesic t — v (a,t) of M, and so Lemma 1 gives

aamk-‘rl” = 6axk:T +ag 8aka +VaTkT+bkvsTkN7 (39)

where 0, k41 I denotes the parallel transport of 0,11
from x;41(s) to xx(s) along the geodesic. Differentia-
tion of g = v/n 7 /|7k| gives

Vst: = \/E|Tk‘_1/2 (VsTk - %VsTkT) P

and taking the tangential part on both sides yields
Vgl =/n ‘Tk‘_1/2%VSTkT, and so finally

7 = [Tl 2V (Vsar + V")
= lan|/n (Vsar + Vsar") .

Injecting this in (39) and noticing that (fi(w),z) =
(w, fr(2)) and (gr(w), z) = (w,gr(z)) for any pair of
vectors w, z gives
I — 1

- fk(aaxk) + ﬁ gk(vaqk)a (40)
(£ (wWira), Bazr)

1, (-
+ g<g;(c )(wk+1)7va%>> (41)

8(13716-&-1

<wk+17aaxk+l> =

for any tangent vector wiy1 € Ty, ., M. From equation

k+1

(41) we can deduce, for k =1,...,n,
(Wi, Oay) = féf) 0---0 f;g:)l(wk),aa$o>
=
=Y (ot o £ o0 fTh (W), Vage ).

~
(=)

With the notation Ry := R(qx, Vsqr )z we get

(Ry, Do) < (- 'Of£:%(Rk),aa$o>
k_

1
A8
n
=0

—

o firl oo FL(Re), Vage ),

~

and we can then write the derivative of the energy
(E™)'(0) for a = 0 in the following way

-1
\V4 / l S (=)
sTo + n Z f() ©
k=0

1

o [{Z)(Ry), Oto )

0
1 n—1k—1 ) )
E < Ofe.:,_l o "Ofk+1(Rk)aanZ>
k=1 ¢=0
1 n—1
+ =3 (V2 Vaar ) )ds,
k=0

where in the first sum we use the notation convention
foo---o f_1:=1d. Noticing that the double sum can
be rewritten

n—2 n—1

Z Z <ge Ofe+1

=0 k=t+1
we obtain for (E™)'(0)

' 1% (o)
— / J—
/0 <<VS.T0 +nkZ=0fO o

n—1 n—1
1 1 _ _
,E V2 - § : (=) (=)
+ nko< s ¥ n G ©Jfrae

l=k+1

) (1), Vade ),

o £ (R, aaxo>

o fI)(Ry), vaqk>>ds,
(42)

where in the last sum we use the convention Z;:i =
0. Since this quantity has to vanish for any choice
of (0,20(0,), Vaqo(0,-), ..., Vagn-1(0,-)), the geodesic
equations for the discrete metric are

51'0 + — Zfo

VQ(]k"‘* Z gk Ofk+1
)

forall k =0,...,n—1, with the conventions ZZ;; =0

and fogo---o f_1:=1d.

Remark 4 Let [0,1] 3 s — ¢(s,") € M be a C* path
of smooth curves and [0,1] > s — «a(s) € M the
discretization of size n of c. We denote as usual by
q = ct/lei)V? and (qu)i their respective SRV repre-
sentations. When n — oo and |7,| — 0 while n|7y|
stays bounded for all 0 < k < n, the coefficients of the
discrete geodesic equation (20) for a converge to the co-
efficients of the continuous geodesic equation (7) for ¢,
i.e.

Vo' (s) = —ro(s) + o(1),
Via(s) = —lau(s)|(ri(s) + ri(s)") + o(1),

“(Ry) =0,

o fN(R) =0
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for all s € [0,1] and k =0,...,
and fork=1,...,n—2,

PR

Z k+1

n—1, where r,_1 =0

3\@

k
njoo T(Sv E)a

Vag)es(s, 1))

with the exception that the sum starts at £ =0 for ry.

Proof This is due to three arguments : (1) at the limit,
felw) = w+ o(1/n) and ge(w) = lgl(w + wT) +
o(1/n), (2) parallel transport along a piecewise geodesic
curve uniformly converges to the parallel transport
along the limit curve, and (3) the discrete curvature
term Ry (s) converges to the continuous curvature term
R(q, Vsq)cs(s, %) for all k. Indeed, let ¢ be the unique
piecewise geodesic curve of which « is the discretiza-
tion, i.e. c(k) —é(k) =z forallk=0,...,nand ¢ is
a geodesic on each segment [£, ®1] Defining
Fo = E(Ro+ f5 (Ra) o4 fg om0 fiTh(Rum)
=+ (Riy1 + fk+1(Rlc+2)
oo é:é(Rn_n)

’f‘n—l = 07

1<k<n-2,

the geodesic equations can be written in terms of the
vectors 7y,

Vszo'(s) + o(s) =0,
V2ai(s) + 947 (F(s)) = 0.

We can show that for any 0 < k < ¢ < n — 2 and any
vector w € T,,, M,

Te+1

0o 1) -

L
<oy =10 f o0 £ (w)
j=k
241k 241k
P ) = P w)]

Since |a; — 1|/|7%|*> — 0 when n — oo and n|7| stays
bounded, We have for all 0 < j < n and n large enough
la; —1] < n2 , and using the fact that parallel transport
along a piecewise geodesic curve uniformly converges to
the parallel transport along the limit curve, we get

1k
n

_ _ 241
7 0o fiT (w) = P

when n — oo. Now, denoting by

(w)] — 0
R(Sv t) = R(Qa st)Cs(Sv t)

the curvature term involved in the continuous geodesic
equations, we have since z;/(s) = cs(s,£) and

IR(X,Y)Z| < |K]- (Y, 2)[|X]+ [(X, Z)|[Y]) < 2[K]-
|X|-|Y]-|Z| by Cauchy Schwarz,
Ry — R(3)| < [Rax — a(3): Visar)zr|
+|R(a(%), Vsar — Vsa(£))zy|
<lar — q(E)| - |Vaqrl - 24|
+1a(E)] - [Vsar — Vsa(£)] - |2)/]

Let us show that both summands of this upper bound
tend to 0 when n — oo.

_1 _1
gk = a(5)] = [fnml~Fnme — e £)] " Fe (%)

—1 —1 1
<l 72 = [ee (D72 Inmi] + ler(2)|72 7, — eo(3)]
lee(5)] k[~
= Tl + e (5]
[Tl % + lee(5)]2 !

nre| — 1
I i, — cu(E)

< |m'k|

= \Unmel2 + e (B)
kE k+
L

and since the portion of ¢(s,-) on the segment [ p
is close to a geodesic at the limit, |n7'k — ct( ) — 0
when n — oo, and so does |qx(s) — (n)| Snmlarly,

+ |ct<:>|%> 7 — co(E)]

|Vst - VGQ(%” = ‘nTk"ilm(nvsTk - %nvsTkT)

IV,e(E)T)

< lnm| 712 = fe(B) 2] [0V o]

+ lee T3V g — Ve (2)],

— e TV (Vaer(£) —

|71/2

where once again [|n7;|7Y/% — |¢(£)[71/2] — 0 and

[nVs7k| is bounded. The last term can be bounded,

for n large enough, by

InV 7k — Ve (E)] < [nVeri, — n(cs(BEHI — ¢, (2)))
+ |vt08(%) — niCs kil)“ - CS(%)N
<nfl = bt Jes (B — cg(8))]

(IVicsloo + [ ViVics|oo),

3\>~

since Vg1 = (Dro)g = ($k+1” —a)T + b;l(xkﬂ’ —

z;,")N and b, ' — 1. Finally, we can see that

fols) = ro(s)] < = IR0 — R

1 n—2
= (=) o
P

goes to 0 when n — co. We can show in a similar way
that |91(;)(72k) —lagrl(re + 1) — 0 when n — oo.

0+~ Z |Revr — R(SEL)

+1

0 f (Rera) = P (Re)|
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Proposition 7 (Discrete exponential map) Let
[0,1] 2 s = a(s) = (x0(8),...,zn(s)) be a geodesic
path in M™*L. For all s € [0,1], the coordinates of its
acceleration V0! (s) can be iteratively computed in the
following way

1 _
sto/ = _E(RO + fé )(Rl)
o 7 0o fTN (Ran)),

1
Viarst | = Vo frlar)) + fru(Vsar) + Evsgk(vscﬂc)

1
+ ﬁgk(vg%) + R(7h, Vi) (a1,

for k =0,...,n— 1, where the Ry’s are defined as in
Proposition 7, the symbol -l denotes the parallel trans-
port from x11(8) back to x(s) along the geodesic link-
ing them, the maps Vg f, and V sgx are given by Lemma
2, Yy, is given by Equation (19) and

1
Veur = m (VsTk - vsTkT) )

1
Vst = L (vsTk - VsTkT> )
V 17l 2

1 (_ _
Vigr = — 9( )(Rk+1 + f15+)1(Rk+2)
o [ 00 fTh(Ra)).

Proof For all s € [0, 1], we initialize V x4'(s) for k=0
using the first geodesic equation in (20); the difficulty
lies in deducing Vxi41'(s) from Vgay'(s). Just as we
have previously obtained (40), we can obtain by replac-
ing the derivatives with respect to a by derivatives with
respect to s

T N
$k+1'H =" ‘apxy’” + V' + 0.V, (43)

Vori = (D-a')g,

1
zk+1'“ = fu(zi') + - 91(Vsar),

and by differentiating with respect to s

Vs ($k+1'“) = Vifr(@r) + fe(Very)
| L (44)
+ Evsgk(vsqk) + Egk(vs%)

We have already computed (38) the covariant derivative
of a vector field s — wk+1(s)H

write
Vs(xk+1lll) — (stk+1/)“ +R(Yk,7_k)<xk+l/”);

where Y}, is defined by Equation (19). Together with
Equation (44), this gives the desired equation for

l

€ Ty, (s)M and so we can

Vszgy1'". Finally, Vo, = (Dro)g results directly
from (43), V2g is deduced from the second geodesic
equation and the remaining equations follow from sim-
ple computation.

Proposition 8 (Discrete Jacobi fields) Let [0,1] >
s = a(s) = (xo(s),...,xn(8)) be a geodesic path in
ML 0,1] 3 s+ J(s) = (Jo(s),..., n(s)) a Jacobi
field along «, and (—=94,9) 3 a — a(a,-) a corresponding
family of geodesics, in the sense just described. Then J
verifies the second order linear ODE

1 _
V2o = R(wo', Jo)ao' = —(VaRo+ f5 (VaBr) + ..

+ f(g_) ©---0 T(L:)Q(VIIR”_l))
n—2 k

1 - — _
7ﬁzzf(§ )O"'Ovﬂ(e( ))O"'Oflg '(Ris1),

k=0 ¢£=0
V21! = Je(V20) + 2V fu(V i) + V2 Fi( i)
+ %gk(vivafﬁe) + %ngk(vsva%) + %Vggk(va%)
+ 2R (7, Vi) (Vs Jiir 1) + R(V 7, Vi) (Jiega D
R (1, VoY) (Jisa ) + R(7e, Yi) (R(Yk, Tk)(JkHH)),

for all0 < k <n—1, where Ry := R(qx, Vsqr)xi' and
the various covariant derivatives according to a can be
expressed as functions of J and VsJ,

VaRr = R(Vaak, Vsar) ' + R(qr, VsVaqi
+ R(J, x1")qe) o' + Rk, Vi) Vi,

1
Vaqi = \/T (vaTk - vaTlcT> , Ve = (DTJ>ka
‘Tk| 2

Vv = (VaTk - VaTkT) ;

1
[l
ViVaar = ngs (Ve drs) + RV, 7) (Josa )

— Vo fil i) = fe(Vedi)) +n V(g6 Y) (Tt = fu (i),

n—1
1 _ _ _
ViVaar = —n Z gl(g Vo f;.(c+)1 o---0 é_f(VaRz)

(=k+1
+ R(Vsar', Ji)ar + Rz’ , Vedi)ak + 2Rz, Ji) Vsqr
1 n—1 £—1
= Y D oo Valf ) oo ST (Re),
(=kt+1j=k

VY = (Verr )T + b (Vsar )N + Osby (21)) Y
+ (1= b)) ((2i”, Vsvr)oe (@i, ve) Voor) + 5(V2m) "

1 — ag 2 N 1 — ag N
K S K S
+ e (ViTk) Jra( 742 )(Vﬁk)
1—ay
+ (% -K |Tk|2k)(<VsTk, Vsvg)vg + (VsTh, vg) Vsug),

with the notation conventions f,gjr)l 0...0 f,g:)l = Id,
n—1

t—n = 0 and with the maps
Vo (7)) = (Vafe) 2 (w) + fi(R(Zk ) (wiia)).

Va(ok ) w) = (Vag) ) (w) + 91 (R(Ze ) (o) ).
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Velge ™) (w) = Oslar| ™ laelgr ™" (w) +|al = 0s (b ") w
+lae| 7t (1/2 = b 1) ((w, Vsvp)og + (w, v5) Vsoy),

and

+3iVanT + KL N

Zr = J, ¥ | E

+bk<]k

Proof For all a € (—4,4), a(a,-) verifies the geodesic
equations (20). Taking the covariant derivative of these
equations according to a we obtain

Vavsasx() (45)
n—1
1 _ _
3 Va (£ 0o ) (Riaw, Vea)duae) ) =0,
k=0
n—1
VVQIC‘FEZV( e e (46)
l=k+1

( )(R((N7 stu)aszg)> =0.

Since for a = 0, V,V0sxg =
we get

V2Jo + R(Jo, 0sx0)0s0,

V2Jo = R(dszg, Jo)Oso

n—1
1 - _
- nkz_ova< 0( ) O'“Oflg—)l(R(quvsqk)asxk))v

and the differentiation

Va(f§ o0 T (R)
k—1
R
=0

gives the desired equation for V2.Jy. Now we will try
to deduce V2Jyy, from (46). If Jiy 1! (s) denotes the
parallel transport of the vector Ji41(s) from xp41(s)
back to zx(s) along the geodesic that links them, we
know from (40) that

= f§7 00 f{TN(VaRs)

Va(fi ) oo fiT)(Ry)

Tl = fe(Ji) + %gk(vaqw (47)
We also know from (38) that

(Vsdey)! = Vo(Toa ) + R(mi, Vi) (T ), (48)
and by iterating

(V2Jer ) = Vo (Vadir)!) + R (70, Vi) (Vg )
= V2(Jep1") + Vo (R(7, Vi) (S 1)
+ R(7h, Vi) (Vs Tir1) 1)

N

Developping and injecting Equation (47) in the latter
gives

(ViJes)l = V2 (fi(Jk)) +71l 2(91(Vaar))
+ R(V T, Vi) (i) + R(7h, Vs Vi) (i)
+ R(7k, Yi)(R(Yee, ) (Jrsa )

+ 2R (75, Yao) (Vs Tig) ).

Developping the covariant derivatives V2 ( fk(Jk)) and
V2(9x(Vagr)) gives the desired formula. Now let us ex-
plicit the different terms involved in these differential
equations. Since VR = 0 and V,0,xr = V 0,2k, we
have
VR = R(ank> stk)asxk + R(Qk» vavs(ﬂc)asmk
+ R(Qka Vst)VsJk
=R(Vai, Vsai)xr' + R(qk, VsVaae
+ R(J, 2 V) wr + Rk, Vsqr) Vs

By taking the inverse of (47) we get

Vaar = ng;  (Jes! = fr (1),
and taking the derivative according to s on both sides
and injecting Equation (48) gives
VVaar = ngs " (Vs dks) + RV, 7) (Josa )
— Vsfi(Jr) = [6(Vs i)
+ 0 Va(gx ™) (Tiga! = fiel ).
To obtain V?Vaq;€7 notice that

nga‘]k
- stavs% + vs (R(asxlm Jk)Qk)7
= vaV§q]€ + R(asmlw Jk)VSQk +V; (R(aswb Jk)Qk),

and injecting Equation (46) with

Va (gk Ofk+1 (_)(Re))

_gk Ofk+1

+Zg£*>o-~-ova<f§*)>o~--o )(Ry),
=k

gives us the desired formula. VY results from simple
differentiation, and differentiating the maps f,gf) and
g,(;) with respect to a is completely analogous to the
the computations of Lemma 3. Finally, the inverse of
gk is given by gx 71 : T,, M — T, M,

! b)),

gL w |qk|_1 (b,;lw—k (%
and since
Vs(wT) =

(vSw)T + <’LU, stk>vk + <’U}7 vk>vsvk7
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it is straightforward to verify that

Vs(ge ™) (w) = V(g (w)) — g™ (Vsw)

gives

Vilgr™") (w)=0slaxl " larlgr ™" (w)+lar| "0 (b ) w™

+ gl (1/2 - b;l) ((w, Vsvr)vg + (w, vi) Vug).
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