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Abstract. Parallel transport on Riemannian manifolds allows one to connect tangent spaces
at different points in an isometric way and is therefore of importance in many contexts, such as
statistics on manifolds. The existing methods for computing parallel transport require either the
computation of Riemannian logarithms, such as Schild’s ladder, or the Christoffel symbols. The
logarithm is rarely given in closed form, and therefore expensive to compute, whereas the Christoffel
symbols are in general hard and costly to compute. From an identity between parallel transport and
Jacobi fields, we propose a numerical scheme to approximate parallel transport along a geodesic. We
find and prove an optimal convergence rate for the scheme, which is equivalent to Schild’s ladders.
We investigate potential variations of the scheme and give experimental results on the Euclidean
2-sphere and on the manifold of symmetric positive definite matrices.
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1. Introduction. Riemannian geometry has long been contained within the field
of pure mathematics and theoretical physics. Nevertheless, there is an emerging trend
to use the tools of Riemannian geometry in statistical learning to define models for
structured data. Such data may be defined by invariance properties and therefore seen
as points in quotient spaces, as for shapes, orthogonal frames, or linear subspaces.
They may be defined also by smooth inequalities, and therefore as points in open
subsets of linear spaces, as for symmetric positive definite matrices, diffeomorphisms,
or bounded measurements. Such data may be considered therefore as points on a
Riemannian manifold and analyzed by specific statistical approaches [14, 4, 10, 5].
At the core of these approaches lies parallel transport, an isometry between tangent
spaces which allows the comparison of probability density functions, coordinates, or
vectors that are defined in the tangent space at different points on the manifold. The
inference of such statistical models in practical situations requires efficient numerical
schemes to compute parallel transport on manifolds.
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The parallel transport of a given tangent vector is defined as the solution of an
ODE (see [2, page 52]), written in terms of the Christoffel symbols. The computation
of the Christoffel symbols requires access to the metric coefficients and their deriva-
tives, making the equation integration using standard numerical schemes very costly
in situations where no closed-form formulas are available for the metric coefficients or
their derivatives.

An alternative is to use Schild’s ladder [3], or its faster version in the case of
geodesics, the pole ladder [7]. These schemes essentially require the computation of
Riemannian exponentials and logarithms at each step. Usually, the computation of
the exponential may be done by integrating Hamiltonian equations and does not raise
specific difficulties. By contrast, the computation of the logarithm must often be done
by solving an inverse problem with the use of an optimization scheme such as a gra-
dient descent. Such optimization schemes are approximate and sensitive to the initial
conditions and to hyperparameters, which leads to additional numerical errors—most
of the time uncontrolled—as well as an increased computational cost. When closed
formulas exist for the Riemannian logarithm, or in the case of Lie groups, where the
logarithm can be approximated efficiently using the Baker—-Campbell-Hausdorff for-
mula (see [6]), Schild’s ladder is an efficient alternative. When this is not the case,
it becomes hardly tractable. A more detailed analysis of the convergence of Schild’s
ladder method can be found in [9].

Another alternative is to use an equation showing that parallel transport along
geodesics may be locally approximated by a well-chosen Jacobi field, up to a second-
order error. This idea has been suggested in [12] with further credits to [1], but
without either a formal definition or a proof of its convergence. It relies solely on the
computations of Riemannian exponentials.

In this paper, we propose a numerical scheme built on this idea, which tries to limit
as much as possible the number of operations required to reach a given accuracy. We
will show how to use only the inverse of the metric and its derivatives when performing
the different steps of the scheme. This different set of requirements makes the scheme
attractive in a set of situations different from the integration of the ODE or Schild’s
ladder. We will prove that this scheme converges at linear speed with the time-
step and that this speed may not be improved without further assumptions on the
manifold. Furthermore, we propose an implementation which allows the simultaneous
computation of the geodesic and of the transport along this geodesic. Numerical
experiments on the 2-sphere and on the manifold of 3-by-3 symmetric positive definite
matrices will confirm that the convergence of the scheme is of the same order as
Schild’s ladder in practice. Thus, they will show that this scheme offers a compelling
alternative to computing parallel transport with a control over the numerical errors
and the computational cost.

2. Rationale.

2.1. Notations and assumptions. In this paper, we assume that v is a geo-
desic defined for all times ¢t > 0 on a smooth manifold M of finite dimension n € N
provided with a smooth Riemannian metric g. We denote the Riemannian exponential
as Exp and V as the covariant derivative. For p € M, T, M denotes the tangent space
of M at p. For all 5,¢ > 0 and for all w € T, )M, we denote by P, ;(w) € T, M
the parallel transport of w from ~(s) to y(¢). It is the unique solution at time ¢ of the
differential equation Vs (y)Ps,u(w) = 0 for Py s(w) = w. We also denote by J%,(h)
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the Jacobi field emerging from +(t) in the direction w € T, ;) M, that is,
w 9 .
Sy (h) = % Expy ) (R(7(t) + ew)) € T 441 M
0

for h € R small enough. It verifies the Jacobi equation (see, for instance, [2, pages
111-119))

(1) V3T (h) + R(Jy (h), 4(h))y(h) = 0,
where R is the curvature tensor. We denote by || - ||, the Riemannian norm on the

tangent spaces defined from the metric g and by g, : T, M x T, M — R the metric at
any p € M. We use Einstein notations.

We fix 2 a compact subset of M such that Q contains a neighborhood of ([0, 1]).
We also set w € T',(0)y and w(t) = Py +(w). We suppose that there exists a coordinate
system on (2, and we denote by ® : 0 — U the corresponding diffeomorphism, where
U is a subset of R™. This system of coordinates allows us to define a basis of the
tangent space of M at any point of ; we denote by a?ci the ith element of the
corresponding basis of T),M for any p € M. Note finally that, since the injectivity
radius is a smooth function of the position on the manifold (see [2]) and since it is
everywhere positive on 2, there exists 7 > 0 such that for all p in , the injectivity
radius at p is larger than 7.

The problem in this paper is to provide a way to compute an approximation of
P071(w).

We suppose throughout the paper the existence of a single coordinate chart de-
fined on 2. In this setting, we propose a numerical scheme which gives an error varying
linearly with the size of the integration step. Once this result is established, since in
any case ([0, 1]) can be covered by finitely many charts, it is possible to apply the
proposed method to parallel transport on each chart successively. The errors during
this computation of the parallel transport would increase, but the convergence result
remains valid.

2.2. The key identity. The numerical scheme that we propose arises from the
following identity, which is mentioned in [12]. Figure 1 illustrates the principle.

PROPOSITION 2.1. For allt > 0 and w € T )M we have

I @)

@ Pos(w) = =&

+0(t%).

Proof. Let X(t) = Py(w) be the vector field following the parallel transport
equation X? + T4, X'4* = 0 with X (0) = w, where (T4)i,j,ke{1,...,n} are the Christof-
fel symbols associated with the Levi-Civita connection for the metric g. In normal
coordinates centered at y(0), the Christoffel symbols vanish at v(0) and the equation
gives X {(0) = 0. A Taylor expansion of X (t) near ¢ = 0 in this local chart then reads
as

(3) X'(t) =w'+O(t?).

By definition, the ith normal coordinate of Exp., o) (t(vo + ew)) is t(vf +ew*). There-
fore, the ith coordinate of J% () = %|E:0Exp7(o)(t("y(0) + ew)) is tw'. Plugging
this into (3) yields the desired result. d



2566 LOUIS, CHARLIER, JUSSELIN, PAL, AND DURRLEMAN

....

~(0)

Fic. 1. The solid line is the geodesic. The green dotted line is formed by the perturbed geodesics
at time t. The blue arrows are the initial vector and its approximated parallel transport at time t.

This control on the approximation of the transport by a Jacobi field suggests
dividing [0, 1] into N intervals [%, %] of length h = % for k=0,...,N —1 and
approximating the parallel transport of a vector w € T, (o) from (0) to (1) by a

sequence of vectors wy € T (% )./\/l defined as
N

(4) o NJ;UEC%) (;) .

With the control given in the Proposition 2.1, we can expect to get an error of order
O(ﬁ) at each step and hence a speed of convergence in O(%) overall. There are
manifolds for which the approximation of the parallel transport by a Jacobi field is
exact, e.g., Euclidean space, but in the general case, one cannot expect to get a better
convergence rate. Indeed, we show in the next section that this scheme for the sphere
S? has a speed of convergence exactly proportional to %

2.3. Convergence rate on S2. In this section, we assume that one knows the
geodesic path ~(¢) and how to compute any Jacobi fields without numerical errors,
and show that the approximation due to (2) alone raises a numerical error of order
0(%).

Let p € S? and v € T},S? (p and v are seen as vectors in R?). The geodesics are
the great circles, which may be written as

v

(0) = Bxp () = cos(ilelp + sin(ilel) .

where |-| is the euclidean norm on R®. Using spherical coordinates (6, ¢) on the sphere,
chosen so that the whole geodesic is in the coordinate chart, we get coordinates on
the tangent space at any point y(t). In this spherical system of coordinates, it is
straightforward to see that the parallel transport of w = p x v along 7(¢) has constant
coordinates, where x denote the usual cross-product on R3.

We assume now that |[v|] = 1. Since w = p X v is orthogonal to v, we have
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o)

3z l.—g [v +ew| = 0. Therefore,

0
JIy(t) = §|a:o <Cos(t|v + ew|)p + sin(tjv + £w|)m>

= sin(t)w,

w
y(t
quence of vectors wy, built by the iterative process described in (4) verifies w41 =

Nuwy, sin (%) fork=0,...,N—1, and wy = woN sin (%)N Now, in the spherical co-
ordinates, Py 1(wp) = wp, so that the numerical error, measured in these coordinates,

is proportional to wg (1 — (MS#)N) We have

(2 (o) ()

yielding

which does not depend on p. We have J¥ (t) = sin(t)w. Consequently, the se-

It shows a case where the bound % is reached.
3. The numerical scheme.

3.1. The algorithm. In general, there are no closed-form expressions for the
geodesics and the Jacobi fields. Hence, in most practical cases, these quantities also
need to be computed using numerical methods.

Computing geodesics. In order to avoid the computation of the Christoffel sym-
bols, we propose to integrate the first-order Hamiltonian equations to compute geo-
desics. Let x(t) = (@1(f),...,zq4(t))" be the coordinates of v(t) in a given lo-
cal chart, and let a(t) = (ay(t),.. .,ad(t))T be the coordinates of the momentum
9y (V(t), ) € T7 ()M in the same local chart. We have then (see [13])

(t) = K(z(t))a(t),

5
®) a(t)

_%vw (a(O)TK (z()a(t)),

where K (z(t)), a d-by-d matrix, is the inverse of the metric g expressed in the local
chart. Note that using (5) to integrate the geodesic equation will require us to convert
initial tangent vectors into initial momenta, as seen in the algorithm description below.

Computing J}y”(t)(h). The Jacobi field may be approximated with a numerical
differentiation from the computation of a perturbed geodesic with initial position ~y(t)
and initial velocity §(t) + ew, where ¢ is a small parameter

_ Expyy (R(3(t) + ew)) — Exp, ) (h3(1))

(6) 320 (h) = - 7

where the Riemannian exponential may be computed by integration of the Hamilto-
nian equations (5) over the time interval [t, ¢ + h| starting at point (¢), as shown in
Figure 2. We will also see that a choice for ¢ ensuring an O(ﬁ) order of convergence

ise=1L
Ise= 4.
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v(tx)

F1a. 2. One step of the numerical scheme. The dotted arrows represent the steps of the Runge—
Kutta integrations for the main geodesic v and for the perturbed geodesic v¢. The blue arrows are
the initial w(ty) and the obtained approximated transport using (6) with h =ty — ti.

The algorithm. Let N € N. We divide [0,1] into N intervals [t,tr+1] with
ty = % and denote by h = % the size of the integration step. We initialize vy = v(0),
40 = #(0), o = w and solve By = K~ (yo)wo and do = K1 (70)%. We propose to
compute, at step k, the following:

(i) the new point x4+1 and momentum &1 of the main geodesic by performing
one step of length h of a second-order Runge-Kutta method on (5);

(ii) the perturbed geodesic starting at 4 with initial momentum ¢y + €0 at time h,
which we denote by 7, by performing one step of length A of a second-order
Runge-Kutta method on (5);

(iii) the estimated parallel transport

’~YI§+1 - 7k+1 .

7 0 =
( ) W1 he ;

(iv) the corresponding momentum Sy41 by solving K (F11)Bkr1 = Wps1.

At the end of the scheme, Wy is the proposed approximation of Py 1(w). Figure
2 illustrates the principle. A complete pseudocode is given in Appendix A. It is
remarkable that we can substitute the computation of the Jacobi field with only four
calls to the Hamiltonian equations (5) at each step, including the calls necessary to
compute the main geodesic. Note, however, that step (iv) of the algorithm requires
solving a linear system of size n. Solving the linear system can be done with a
complexity less than cubic in the dimension (in O(n2‘374) using the Coppersmith—
Winograd algorithm).

3.2. Possible variations. There are a few possible variations of the presented
algorithm.

1. The first variation is to use higher-order Runge-Kutta methods to integrate
the geodesic equations at steps (i) and (ii). We prove that a second-order
integration of the geodesic equation is enough to guarantee convergence and
notice experimentally the absence of convergence with a first-order integration
of the geodesic equation. Experiments indicate a linear convergence with an
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improved constant using this variation. Depending on the situation, the extra
computations required at each step may be counterbalanced by this increased
precision.

2. The second variation uses a higher-order finite difference scheme by replacing
steps (ii) and (iii) in the following way. At the kth iteration, compute two
perturbed geodesics starting at 4, and with initial momentum &y 4 €8y (resp.,
Qg — eBk) at time h, which we denote by ’y,j_fl (resp., ¥41), by performing
one step of length h of a second-order Runge-Kutta method on (5). Then
proceed to a second-order differentiation to approximate the Jacobi field, and
set

ﬁl:rjl B %161

8 N =
®) Skt 2he

Empirically, this variation does not seem to bring any substantial improve-
ment to the scheme.
3. The final variation of the scheme consists in adding an extra renormalization
step at the end of each iteration:
(v) Renormalize the momentum and the corresponding vector using

Br+1 = arBre1 + brpoyi1,

W1 = K (Fit1) Bt

where aj and by are factors ensuring B;+1K(’~Yk+l)6k+l = B4 K(70)Bo and
B K (Gks1)dns1 = By K(v0)ao. Indeed, the quantities B(t) " K (y(t))B(t)
and B(t) " K(y(t))a(t) are preserved along the parallel transport. This extra
step is cheap even when the dimension is large. Empirically, it leads to the
same rate of convergence with a smaller constant.

We will show that the proposed algorithm and variations 1 and 2 ensure conver-
gence of the final estimate. We do not prove convergence with variation 3, but this
additional step can be expected to improve the quality of the approximation at each
step, at least when the discretization is sufficiently thin, by enforcing the conversa-
tion of quantities which should be conserved. Note that the best accuracy for a given
computational cost is not necessarily obtained with the method in section 3.1, but
might be attained with one of the proposed variations, as a few more computations
at each step may be counterbalanced by a smaller constant in the convergence rate.

3.3. The convergence theorem. We obtain the following convergence result,
guaranteeing a linear decrease of the error with the size of the step h.

THEOREM 3.1. We suppose here the hypotheses stated in section 2.1. Let N € N
be the number of integration steps. Let w € T )M be the vector to be transported.
We denote the error

Ok = || Po,ty (w) — w2,
where Wy, is the approzimate value of the parallel transport of w along v at time t and
where the 2-norm is taken in the coordinates of the chart ® on Q. We denote by ¢ the

parameter used in step (i) and h = % the size of the step used for the Runge—Kutta
approximate solution of the geodesic equation. If we take ¢ = h, then we have

-of3)
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We will see in the proof and in the numerical experiments that choosing € = h is
a recommended choice for the size of the step in the differentiation of the perturbed
geodesics. Further decreasing € has no visible effect on the accuracy of the estimation,
and choosing a larger € lowers the quality of the approximation.

Note that our result controls the 2-norm of the error in the global system of
coordinates but not directly the metric norm in the tangent space at v(1). This is
due to the fact that (1) is not accessible, but only is its approximation 4y computed
by the Runge-Kutta integration of the Hamiltonian equation. However, Theorem
3.1 implies that the couple (Yn,wWy) converges towards (v(1), Py,1(w)) using the ¢2
distance on M x TM and a coordinate system in a neighborhood of (1), which is
equivalent to any distance on M x T'M on this neighborhood and hence is the right
notion of convergence.

We give the proof in the next section. The technical lemmas used in the proof
are all in Appendix B: in Appendix B.1, we prove an intermediate result allowing
uniform controls on norms of tensors; in Appendix B.3, we prove a stronger result
than Proposition 2.1 with stronger hypotheses; and in Appendix B.4, we prove a result
allowing us to control the accumulation of the error.

4. Proof of Theorem 3.1. We prove the convergence of the algorithm.

Proof. We will denote, as in the description of the algorithm in section 3, by
Y = Y(tk), & = Y(tr) its approximation in the algorithm. Let N be a number of
discretization steps, and let k € {1,..., N}. We build an upper bound on the error
Ok+1 from 6. We have

Ok41 = [ Wrg1 — Witally
J5E(h) Jws(h)  J9(h)
S Whg1 — ’chh 2 ’Ykh _ ’chh 2

(1) (2)
JE(h)  IE(h)

h h

+

(3) 4)

where

Yk is the approximation of the geodesic coordinates at step k,

wy = w(ty) is the exact parallel transport,

Wy, 18 its approximation at step k,

J is the approximation of the Jacobi field computed with finite difference:
jq:ff _ ’?Z+1;’3’k+1’

and
. Jg’: (h) is the exact Jacobi field computed with the approximations w, 4, and

4 i.e., the Jacobi field defined from the geodesic with initial position 7; and

initial momentum &y, with a perturbation wy.
We provide upper bounds for each of these terms. We start by assuming |Jwg|l2 <
2||wol|2, before showing that it is verified for any k¥ < N when N is large enough. We
could assume more generally that|wg|2 < Cl|wo||2 for any C > 1. The idea is to get
a uniform control on the errors at each step by assuming that ||wg||2 does not grow
too much, and to show afterwards that the control we get is tight enough to ensure,
when the number of integration steps is large, that we do have ||wg|2 < 2||wo]|2-
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Term (1). This is the intrinsic error when using the Jacobi field. We show in
Proposition B.3 that for A small enough

J2e ()

Ptk7tk+1(wk) - < Ah2||wk||9 = Ah2||wk||9

g(v(tk+1))

Now, since g varies smoothly and by the equivalence of the norms, there exists A’ > 0
such that

Tty (h)
(9) 2O < AR w2 < 24 o

Ptkvthrl (wk) -

2
Term (2). Lemma B.4 shows that for i small enough

Vi) T35,

(10) A "

< (1+ Bh)o.
2

Term (3). This term measures the error linked to our approximate knowledge of
the geodesic «. It is proved in Appendix B.5 that there exists a constant C' > 0 which
does not depend on k or h such that

I 3 (h)

< Ch2.
h h =0

2

(11)

Term (4). This is the difference between the analytical computation of J and its
approximation. It is proved in Appendices B.6 and B.7 that if we use a Runge-Kutta
method of order 2 to compute the geodesic points 75, and vx41 and a first-order
differentiation to compute the Jacobi field as described in step (iii) of the algorithm,
or if we use two perturbed geodesics vj,; and v, 7, and a second-order differentiation
method to compute the Jacobi field as described in (8), there exists D > 0 which does
not depend on k such that

w w
J’Y(ktk) B J’Y(ktk)

(12) .

< D(h? + ¢h).
2

Note that this majoration is valid as long as w;, is bounded by a constant which does
not depend on k or N, which we have assumed so far.

Gathering (9), (10), (11), and (12), there exists a constant F' > 0 such that for
all k such that ||w;|2 < |Jwol|2 for all i < k

(13) Sk+1 < (1+ Bh)oy, + F(h* + he).

Combining those inequalities for £ = 1,...,s, where s € {1,..., N} is such that
lwk|l2 < 2||woll2 for all k& < s, we obtain a geometric series whose sum yields

(14) 55 < M

1+ Bh)*T1L.
< o (1+ Bh)

We now show that for a large enough number of integration steps N, this implies that
|lwille < 2||wol|2 for all & € {1,...,N}. We proceed by contradiction, assuming that
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there exist arbitrary large N € N for which there exists u(N) < N—that we take
to be minimal—such that |w,(n)ll2 > 2[wol|]2. For any such N € N, since u(N) is
minimal with that property, we can still use (14) with s = u(N):

F(h? + he)

u(N)+1
Bh (1+ Bh) .

(15) duny <

Now h = % so that

F(h F(h 1
(16) du(n) < Ete) () 4 prywovst < %(1 + Bh)# T,
But we have, on the other hand,
- - F(h+e¢ 1
(A7) Hholla < limlle — wolll < iy — wolls < Z0E 14 iy,

Taking € < h, which we will keep as an assumption in the rest of the proof, the term
on the right goes to zero as h — 0—i.e., as N — oco— which is a contradiction. So for
N large enough, we have that ||wg|2 < 2||wol|2 and (14) holds for all k € {1,...,N}.
With s = N, (14) reads as

F(h? + he)

1+ Bh)V+L,
o (14 Bh)

on <

We see that choosing ¢ = % yields an optimal rate of convergence: choosing a larger
value deteriorates the accuracy of the scheme, while choosing a lower value still yields
an error in O(%) Setting € = %,

oy < 2L 1+E NH—E (B) + -
N= BN N BN \TP °\N) )

Eventually, there exists G > 0 such that, for N € N large enough,

G

5. Numerical experiments.

5.1. Setup. We implemented the numerical scheme on simple manifolds where
the parallel transport is known in closed form, allowing us to evaluate the numerical
error.! We present two examples:

e S%: in spherical coordinates (6, ), the metric is g = ([1, sin?0)2 ). We gave
expressions for geodesics and parallel transport in section 2.3.

e The set of 3 X 3 symmetric positive definite matrices SPD(3). The tangent
space at any point of this manifold is the set of symmetric matrices. In [4], the
authors endow this space with the following affine-invariant metric: for X €
SPD(3), V,W € Sym(3), g=(V,W) = tr(S~1VE~1W). Through an explicit
computation of the Christoffel symbols, they derive explicit expressions for
any geodesic X(t) starting at 9 € SPD(3) with initial tangent vector X €

LA modular Python version of the code is available online from https://gitlab.icm-institute.org/
maxime.louis/parallel-transport.
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Sym(3): X(t) = Zé exp(tX)EO%, where exp : Sym(3) — SPD(3) is the matrix
exponentiation. Deriving an expression for the parallel transport can also be
done using the explicit Christoffel symbols; see [11]. If ¥y € SPD(3) and
X, W € Sym(3), then

¢ t
Po(W) = eXp<2X20_1)Wexp<2251X>.

The code for this numerical scheme can be written in a generic way and used for
any manifold by specifying the Hamiltonian equations and the inverse of the metric.
For experiments in large dimensions, we refer the reader to [§].

Remark. Note that even though the computation of the gradient of the inverse of
the metric with respect to the position, VK, is required to integrate the Hamiltonian
equations (5), VK can be computed from the gradient of the metric using the fact
that any smooth map M : R — GL,(R) verifies d]g; = —M_l%M_l. This is
how we proceeded for SPD(3): it spares some potential difficulties if one does not
have access to analytical expressions for the inverse of the metric. It is, however, a
costly operation which requires the computation of the full inverse of the metric at
each step.

T T T
o One perturbed geodesic, Runge-Kutta 2
81 |n One perturbed geodesic, Runge-Kutta 4 4 N
o Two perturbed geodesics, Runge-Kutta 2 °
*Two perturbed geodesics, Runge-Kutta 4
X 6 . )
—
O o
: ®
%)
g4 : 2
= 1
ks . ‘
=) 8
~ g ’
e
[ e ® |
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0 / | | ! | \
0 0.02 0.04 0.06 0.08 0.1
Step size

Fic. 3. Relative errors for the 2-sphere in different settings, as functions of the step size, with
initial point, velocity, and initial w kept constant. The dotted lines are linear regressions of the
measurements. Runge—Kutta 2 (resp., 4) indicates that a Runge—Kutta method or order 2 (resp., 4)
is used for the integration of the geodesic equation.

5.2. Results. Errors measured in the chosen system of coordinates confirm the
linear behavior in both cases, as shown in Figures 3 and 4.

We assessed the effect of a higher-order for the Runge—Kutta scheme in the in-
tegration of geodesics. Using a fourth-order method increases the accuracy of the
transport in both cases, by a factor 2.3 in the single geodesic case. A fourth-order
method is twice as expensive as a second-order method in terms of the number of
calls to the Hamiltonian equations; hence in this case it is the most efficient way to
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reach a given accuracy.

We also investigated the effect of using variation 3 of the algorithm, which enforces
conservation of the transported vector norm and of its scalar product with the geodesic
velocity. Doing so yields an exact transport for the sphere because it is of dimension 2
and the conservation of two quantities is enough to ensure an exact transport—up to
the fact that the geodesic is computed approximately—so that the actually observed
error is the error in the integration of the geodesic equation. It yields a dramatically
improved transport of the same order of convergence for SPD(3) (see Figure 4). The
complexity of this operation is very low, and we recommend always using it. It can
be expected, however, that the effect of the enforcement of these conservations will
lower as the dimension increases since it only fixes two components of the transported
vector.

T T T
o One perturbed geodesic, Runge-Kutta 2
40 | One perturbed geodesic, Runge-Kutta 2, without conservation N
. One perturbed geodesic, Runge-Kutta 4
Two perturbed geodesics, Runge-Kutta 2
Two perturbed geodesics, Runge-Kutta 4
< 30 |
~—
—~
o}
faf
=
<]
£ 20| .
e
=
Q
falat
10 *
. ° M
ol e sesoo e o o0 & 0 L ) )
0 0.05 0.1 0.15 0.2

Step size

Fic. 4. Relative errors for SPD(3) in different settings, as functions of the step size, with initial
point, velocity, and initial w kept constant. The dotted lines are linear regressions. Runge—Kutta
2 (resp., 4) indicates that a second-order (resp., fourth-order) Runge—Kutta integration has been
used to integrate the geodesic equations at steps (i) and (ii). Without conservation indicates that
variation 3 has not been used.

We also confirmed numerically that without a second-order method to integrate
the geodesic equations at steps (i) and (ii) of the algorithm, the scheme does not con-
verge. This is not in contradiction with Theorem 3.1, which supposes this integration
is done with a second-order Runge-Kutta method.

Finally, using two geodesics to compute a central finite difference for the Jacobi
field is 1.5 times more expensive than using a single geodesic, in terms of the number
of calls to the Hamiltonian equations, and it is therefore more efficient to compute
two perturbed geodesics in the case of the symmetric positive definite matrices.

5.3. Comparison with Schild’s ladder. We compared the relative errors of
the fanning scheme with Schild’s ladder. We implemented Schild’s ladder on the
sphere and compared the relative errors of both schemes on the same geodesic and
vector. We chose this vector to be orthogonal to the velocity since the transport
with Schild’s ladder is exact if the transported vector is collinear to the velocity. We
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Fic. 5. Relative error of Schild’s ladder scheme compared to the fanning scheme (double
geodesic, Runge-Kutta 2) proposed here, in the case of S%.

use a closed-form expression for the Riemannian logarithm in Schild’s ladder and
closed-form expressions for the geodesic. The results are given in Figure 5.

6. Conclusion. We proposed a new method, the fanning scheme, to compute
parallel transport along a geodesic on a Riemannian manifold using Jacobi fields. In
contrast to Schild’s ladder, this method does not require the computation of Rie-
mannian logarithms, which may not be given in closed form and may be hard to
approximate. We proved that the error of the scheme is of order O(%;), where N
is the number of discretization steps, and that it cannot be improved in the general
case, yielding the same convergence rate as Schild’s ladder. We also showed that only
four calls to the Hamiltonian equations are necessary at each step to provide a satis-
fying approximation of the transport, two of them being used to compute the main
geodesic.

A limitation of this scheme is to only be applicable when parallel transporting
along geodesics, and this limitation seems to be unavoidable with the identity on which
it relies. Note also that the Hamiltonian equations are expressed in the cotangent
space, whereas the approximation of the transport computed at each step lies in the
tangent space to the manifold. Going back and forth from cotangent to tangent space
at each iteration is costly if the metric is not available in closed form, as it requires
the inversion of a system. In very high dimensions this might limit the performances.

Appendix A. Pseudocode for the algorithm. We give a pseudocode
description of the numerical scheme. Here, G(p) denotes the metric matrix at p for
any p € M.

1: function PARALLELTRANSPORT(xq, ag, wo, N)
2: function v(z, a)

3: return K(z)a

4: end function
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5: function F(z, @)
return f%Vm (aTK(:c)a) > in closed form or by finite differences
7: end function

> 7o coordinates of v(0)
> g coordinates of G(v(0))7(0) € T3 M
> wp coordinates of w € T, (q)
> Bo coordinates of G(v(0))wo
> N number of time-steps
& h=1/N,e=1/N
9: for k=0,...,(N—-1)do
> integration of the main geodesic

10: Yo+t =6+ %Uk
11: gl = Qg + %F‘(’}/}C7 ak)
12: Ve+1 = Vet hV('Yk-i-% ) ak-i-%)
13: Q41 :Oék-i-hF(’ykJr%,OékJr%)
> perturbed geodesic equation in the direction wy
14: VZ+% = + Lv(vk, r + €Bk)
15: OéiJr% = ay + B + LF(OVE, o + B
16: Ver1 = Vi T hV(VZJr%»O‘i + %)
. > Jacobi field by finite differences
17: ’LZ)k_H = m%g’ykﬂ
18: Brr = gt wri > Use explicit g or solve K (yx41)Bkt1 = ki1
> Conserve quantities
19: Solve for a, b:
20: Bo K(70)B0 = (GBAkJrl + bak+1)TK(5’k+1)(a5}c+1 + bagy1),
21: ag K(y0)ao = (aBrs1 + bagi1) T K (1) (@Brr + bk, vges1)
22: Br+1 = aBkH + bovg41 > parallel transport
23: W1 = K(Vit1) Brv1
24: end for

return vy, an,wWyN
> vy approximation of v(1)
> ay approximation of G(v(1))%(1)
> wy approximation of P o) (1) (wo)
25: end function

Appendix B. Proofs.

B.1. A lemma to change coordinates. We recall that we suppose the geode-
sic contained within a compact subset 2 of the manifold M. We start with a result
controlling the norms of change-of-coordinates matrices. Let p in M, and let ¢ =
Exp,,(v), where [[v]|, < 5, where 1 > 0 is a lower bound on the injectivity radius on
2. We consider two bases of T;M: one defined from the global system of coordinates,
which we denote by B;I’ , and another made of the normal coordinates centered at p,
built from the coordinate on T, M obtained from the coordinate chart ®, which we
denote by Bév . We can therefore define A(p,q) as the change-of-coordinates matrix
between By and BJY. The operator norms ||| - ||| of these matrices are bounded over
) in the following sense.
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LEMMA B.1. There exists L > 0 such that for all p € K and for all ¢ € K such
that ¢ = Exp,,(v) for some v € T, M with ||[v|y < 3, we have

I[|A(p,@)|l| < L

and

A~ (p, q)||| < L.

Proof. Any two norms on T, M are equivalent, and the norm bounds of the co-
ordinate change smoothly depend on p and ¢ by smoothness of the metric. Hence we
have the result. O

This lemma allows us to translate any bound on the components of a tensor in
the global system of coordinates into a bound on the components of the same tensor
in any of the normal systems of coordinates centered at a point of the geodesic, and
vice versa.

B.2. Transport and connection. We prove a result connecting successive co-
variant derivatives to parallel transport.

PROPOSITION B.2. Let V be a vector field on M. Let~ : [0,1] — M be a geodesic.
Then
dk
dh* |, _
Proof. Let E;(0) be an orthonormal basis of T’,g)M. Using the parallel transport

along +y, we get orthonormal basis E;(s) of T’ M for all t. For t € [0,1], denote by
(@i(t))i=1,....n the coordinates of V(y(t)) in the basis (E;(t))i=1,...n. We have

(18) VEV(3(t) = P (Vi + h))).

d* -1 dkai(t +h)
WPt7t+}L(V( ( +h)) dhk tt-‘rh (Zaz t+h t+h)> ZTE'L(t)

=1

because P, nBi(t+h) = E;(t) does not depend on h. On the other hand,

n n kai
ViV =Vt Zal Ei(t) = sz(ai(t))Ei(t) => %Ei(t)

i=1
by the definition of F;(s). |
B.3. A stronger version of Proposition 2.1. From there, we can prove a

stronger version of Proposition 2.1. As before, 1 denotes a lower bound on the injec-
tivity radius of M on Q.

PROPOSITION B.3. There exists A > 0 such that for oll t € [0,1], for all w €
Ty »M, and for all h < m, we have

JY (h
RIOLO) ESPNETI

h
g

Proof. Let t € [0,1[, w € T,y M, and h < m, i.e., such that J;“(t)(h) is well
defined. From Proposition B.2, for any smooth vector field V on M,

k
(19) VioVo) = x|

Py tyn(w) —

Pt_t+h(V(’Y(t +h))).
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We will use this identity to obtain a development of V' (y(t + h)) = J3,) (h) for small
h.

We have J¥,)(0) = 0, V5.J3

1w, (0) = w, V2T, (0) = —R(J%, (0),4(0))4(0) = 0

v(t) ¥
using (1) and finally

IVE T30 (W) lg = V5 (R) (T30 (h), 3 (h) 5 (h) + R(V5. T30, (), 3 ()3 (h) g
< IVs Rllso IG5 (B lg + I Rllso 5 RIEIV T30 () g,

where the co-norms, taken over the geodesic and the compact €1, are finite because the
curvature and its derivatives are bounded. Note that we used V¥ = 0, which holds
since 7 is a geodesic. In normal coordinates centered at (t), we have Ji,) (h)" = hw".

(20)

Therefore, if we denote by g;;(v(t + h)) the components of the metric in normal
coordinates, we get using Einstein notations

1724 (W12 = h2gi; (v(t + h))wiuw?.

To obtain an upper bound for this term which does not depend on ¢, we note that the
coefficients of the metric in the global coordinate system are bounded on 2. Using
Lemma B.1, we get a bound M > 0 valid on all the systems of normal coordinates
centered at a point of the geodesic, so that

17500 (W)l < AM [|w][2.

By the equivalence of the norms as seen in Lemma B.1, and because g varies smoothly,
there exists N > 0 such that

(21) 17500 (gh)llg < ARMN|w]lg,

where the dependence of the majoration on ¢ has vanished, and the result stays valid

for all h < max (m, 1 —t) and all w. Similarly, there exists C' > 0 such that

(22) V35 (M < Cllwllg

at any point and for any h < maX(W, 1 —t). Gathering (20), (21), and (22), we
get that there exists a constant A > 0 which does not depend on ¢, h, or w such that

(23) [viriam|, < Alwl,.

Now, using (19) with V/(y(t + h)) = J¥

b t)(h) and a Taylor formula, we get

Py (T () = hw + BPr(h, w),

where r is the remainder of the expansion, controlled in (23). We thus get

)

Y = || Presn (B (w, h))|l 4.

— Pipn(w)

g

Now, because the parallel transport is an isometry, we can use our control (23) on the
remainder to get

L (h)
h

A
< €h2”w‘|g-

g D

— Py pyn(w)
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B.4. A lemma to control error accumulation. At every step of the scheme,
we compute a Jacobi field from an approximate value of the transported vector. We
need to control the error made with this computation from an already approximate
vector. We provide a control on the 2-norm of the corresponding error in the global
system of coordinates.

LEMMA B.4. There emists B > 0 such that for all t € [0,1], for all wi,wy €
TyyM, and for all h < EGIN )‘g small enough, we have

T (h) — T ()
h

(24) < (14 Bh)|Jw; — wsl.

2

Proof. Let t € [0,1[, and let h < EoIm ()” We denote p = ~(t), ¢ = y(t +
h). We use the exponential map to get normal coordinates on a neighborhood V
: )

of p from the basis (87 p)i:L_“’ of T, M. Let us denote by (ay 7)1,:17.‘.7” the

basis obtained in the tangent space at any point 7 of V from this system of normal

coordinates centered at p. At any point r in V, there are now two different bases
of T, M: (ﬁ )._ obtained from the normal coordinates and ( 5 ),_

ytir/i=1,...,n ozt lr)i=1,...n

obtained from the coordinate system ®. Let w;,ws € T, M, and denote by w; for
i€ {l,...,n}, j € {1,2} the coordinates in the global system ®. By definition,
the basis (a%i and the basis (% p)i:l _,, coincide, and in particular, for

Jje{l,2},

p/i=1,....,n

0

(w;) Dt

:(w')i a3
P ! 8y P

wj:

Ifie{1,...,n}, j € {1,2}, the jth coordinate of J*

(t)(h) in the basis (82,; |q)i:1 o

)

is
0 : 0

L)' = 52 » (Expy (h(v +ewy)))* = 5=

(h(v+ew;))' = hw;
e=0

Let A(y(t + h),~(t)) be the change-of-coordinates matrix of T’ ;4p) from the basis
(ay )l 1om to the basis (% q)z L. . A varies smoothly with ¢ and h and is the

1dent1ty when h = 0. Hence, we can wrlte an expansion

A(Y(t+ R), (1)) =1d + hW (t) + O(h?).

The second-order term depends on the second derivative of A with respect to h.
Restricting ourselves to a compact subset of M, as in Lemma B.1, we get a uniform
bound on the norm of this second derivative, thus getting a control on the operator
norm of A(vy(t + h),~(t)), which we can write, for h small enough, as

HAGY(E +R), @) < (1 + Bh),

where B is a positive constant which does not depend on h or t. Now we get

Lt — Ly (h)
I

= [[A(y(t + h), v () (w1 — wa)ly < (1+ Bh) [lwr —wall,,

which is the desired result. O
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B.5. Proof that we can compute the geodesic simultaneously with a
second-order method. We give here a control on the error made in the scheme
when computing the main geodesic approximately and simultaneously with the par-
allel transport. We assume that the main geodesic is computed with a second-order
method, and we need to control the subsequent error on the Jacobi field. The com-
putations are made in global coordinates, and the error is measured by the 2-norm
in these coordinates. ® : 2 — U denotes the corresponding diffeomorphism. We
denote by 1 > 0 a lower bound on the injectivity radius of M on @ and by € > 0 the
parameter used to compute the perturbed geodesics at step (ii).

PROPOSITION B.5. There exists A > 0 such that for all t € [0,1], for all h €
(0,1 —t], and for all w € Ty M,

I I h)
h

< AhZ.

2

Proof. Let t € [0,1[, h € [0,1 —t], and w € T, ;) M. The term rewrites as
(25) ]
) )

h h

~ OExps, (M + iy
ox

ox

B H OExp,, (hik + wi)
2

=0 z=0112

This is the difference between the derivatives of two solutions of the same differential
equation (5) with two different initial conditions. More precisely, we define I : ®(€2) x
B (0, |9k || 4 2¢]|wk||) % [0,7]) — R™ such that II(pg, oo, h) are the coordinates of the
solutions of the Hamiltonian equation at time h with initial coordinates pg and initial
momentum c«g. II is the flow, in coordinates, of the geodesic equation. We can now
rewrite (25) as

JEE() IR
h h

O3k, A + €k, h)
Oe

|| O, A + i, b
Oe

e=0 e=0112

2

By the Cauchy-Lipschitz theorem and results on the regularity of the flow, II is
smooth. Hence, its derivatives are bounded over its compact set of definition. Hence
there exists a constant A > 0 such that

Jox(h)  J5E ()
h h

<A(IF =l + H:Y - ;7||2) )
2

where we can once again assume that A is independent of ¢ and h. In coordinates,
we use a second-order Runge-Kutta method to integrate the geodesic equation (5) so
that the cumulated error ||¥ — ||, + ||-y - *'y||2 is of order h%. Hence, there exists a
positive constant B which does not depend on h, ¢, or w such that

JEE(h)  IE(h)
h h

< Bh?.
2 D

B.6. Numerical approximation with a single perturbed geodesic. We
prove a lemma which allows us to control the error we make when we approximate
numerically the Jacobi field using steps (iii) and (ii) of the algorithm.
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LEMMA B.6. For all L > 0, there exists A > 0 such that for all t € [0,1], for
all h € [0, m], and for all w € TyyyM with ||w|2 < L—in the global system of
coordinates—we have

I (h) =I5 ()
7

< A(R? + ¢h),

2
where jﬁy"(t)(h) is the numerical approximation of I t)(h) computed with a single per-
turbed geodesic and a first-order differentiation method.

Proof. Let L > 0. Let t € [0,1[, h € [0 and w € T, M. We split the
error term into two parts,

EIGIFE

T (h) I3 (h)
I h

I (h)  Exp, (h(¥(t) + ew)) — Exp. ) (h3(t))
) - h eh

1) )

Epry(t) (h(W(t) + sw)) - EXPA,(t) (h"Y(t)) - E;(p'y(t) (h(W(t) + 5“’)) + E;{p'y(t) (h"V(t))
eh ’

@) )

where Exp is the Riemannian exponential and E;<p is the numerical approximation of
this Riemannian exponential computed thanks to the Hamiltonian equations. When
running the scheme, these computations are done in the global system of coordinates.

Term (1). Let i € {1,...,n}, and let F': (z,t,w) — Exp[h¥(t) + zw]’. We have

T Explh(3(t) + ew))’ — Exp[hi (1))’

h eh
_ 10F'(eh,t,w) F'(eh,t,w) — F*(0,t,w)
T h Oe — eh
_ OF(z,t,w) Fi(eh,t,w) — F'(0,t,w)
- Ox o eh ’

This is the error when performing a first-order differentiation on x — F*(z,t,w) at
0. This error is of order eh and will depend smoothly on ¢ and w. Since ¢ € [0, 1] and
imposing ||w||2 < L, there exists B which does not depend on ¢ or w such that

< Beh

10" Explhi(t) + chw]’ — Explhi(t)]’
h ch

so that there exists C' > 0 such that for all ¢, for all h, and for all w with ||w||2 < L,

T () Exp[hy(t) + ehw] — Exp[h4(t)]
h ch

< Ceh.
2

Term (2). We rewrite the Hamiltonian equation #(t) = Fy(x(t), a(t)) and &(t) =
Fy(z(t), a(t)). We denote by x°, a° the solution of this equation (in the global sys-
tem of coordinates) with initial conditions z¢(0) = xy = (¢) and a(0) = of =
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K(x0)71(5(t) + ew). We denote by #° the result after one step of length h of the

integration of the same equation using a second-order Runge-Kutta method with
parameter § € ]0,1]. The term (2) rewrites as

1 € ~E ~,
1@ (h) = 2(h) = (& = 2%,

First, we develop z° in the neighborhood of 0:

2 h —_— 2 e
(26) xe(h) =x9 + hto + %jo + / (h 5 2 xs(t)dt.
0

We have for the last term
h 2 h 2
h—1t)*... h—1t)* -
/ !xs(t)dt - / !xo(t)dt =
0 2 2 )

0
2¢ being the solution of a smooth ODE with smoothly varying initial conditions; it is
smooth in time and with respect to . Hence, when the initial conditions are within
a compact, 0-2° is bounded, and hence there exists D > 0 such that

hith — )2 ... hop 12 ...
‘/O (h2t)x8(t)dt—/o (hTt)xo(t)dt

After computations of the first- and second-order terms, we get

7

2

hopte ()2 ..
/ / (h=t) Oz (u, t)dudt
o Jo 2

< Dh3e.
2

z°(h) =xo + h(¥(0) 4+ cw)

(27) 2
+ (VB @)K (wo)aglo + K (a0) Fa(zo, 7)) + O ().

Now we focus on the approximation Z°. One step of a second-order Runge-Kutta
method with parameter § gives

1 1
f=x9+h |:(1 - %)Fl(xo, 048) + %Fl (CL‘O + 6hF1(.Z‘0,0[E),O(8 + (5hF2(x0,a6))]

1 1
= xo+ h |:<1 - 25) K(xo)ag + %K(SEO + (WLK((EQ)OCE) (CVS + (5hF2(.’E07 OZS)):| .

We use a Taylor expansion for K:

K (20 + 06hK (z0)af) = K(x0) + 0h(VoK)(20) K (z0) o)

Injecting this into the previous expression for x°, we get after development

T° = xo + hK (zo)(ag)
+ K o) oo, 05) + (V. K) (a0) [K (w0)alos]
3
+ % (VoK) (o) [0f] Fa(wo, ) + (Vo I)*[K (z0)ag, K (zo)aglag] + O(hY).
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The third-order term of #° — 20 is then proportional to

(VoK) (20)[0g] Fa (w0, o) — (VoK) (20) g Fa (w0, o)
+ (Vo K)?[K (z0)ag, K (zo)aglag — (V. K)*[K (x0)ag, K (zo)aglag.

Both these terms are the differences of smooth functions at points whose distance is
of order e||w||2. Because those functions are smooth, and we are only interested in
these majorations for points in {2 and tangent vectors in a compact ball in the tangent
space, this third-order term is bounded by Eh3¢||w||2, where E is a positive constant
which does not depend on the position on the geodesic. Finally, the zeroth-, first-,
and second-order terms of x° and Z° cancel each other, so that there exists D > 0
such that

(2% (h) = 2°(h)) = (&°(h) = 2°(W)]l2 < (h%e + ER%e),

which concludes the proof. 0

B.7. Numerical approximation with two perturbed geodesics. We sup-
pose here that the computation to get the Jacobi field is done using two perturbed
geodesics, and a second-order differentiation as described in (8).

LEMMA B.7. For all L > 0, there exists A > 0 such that for all t € [0,1], for
all h € 0,1 —t], and for all w € Ty M with ||w|2 < L—in the global system of
coordinates—we have

Iy () = I (R)

- < A(h? + ¢h),

2

where j}y"( t)(h) is the numerical approzimation of Jﬁy“( 0 (h) computed with two perturbed

geodesics and a central finite differentiation method. We consider that this approxi-
mation is computed in the global system of coordinates.

The proof is similar to the one above.
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