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Abstract: Riemannian cubics are critical points of the total squared norm of the accelerations of the
curves on Riemannian manifolds with given end-points and end-velocities. Riemannian cubic splines
are C? track sums of Riemannian cubics. Determining Riemannian cubics with given boundary data
is equivalent to solving fourth-order ordinary differential equations with boundary conditions, while
finding Riemannian cubic splines is tantamount to solving boundary and interior value problems, which
are both hard in practice. The present paper proposes Riemannian gradient-based methods to tackle
the former problem by taking advantage of the variational principle and the shooting method. The
core idea is to add a number of junctions and associated velocities between given boundary points
and to adjust such junctions and associated velocities according to a variational principle. Based on
the obtained Riemannian cubics, Riemannian cubic splines are determined by constructing piecewise
Riemannian cubics of class C? at interior points. The effectiveness of the proposed method is assessed
by numerical experiments on a unit sphere.

Keywords: Riemannian cubic; Riemannian cubic spline; Riemannian gradient based method; Jacobi
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1. Introduction

Riemannian cubics can be viewed as generalizations of cubic polynomials in Euclidean spaces to
Riemannian manifolds, which were originally contributed by two independent works of Gabriel and
Kajiya [1] and Noakes et al. [2]. In some emerging areas, such as quantum computing and computer
vision, there is a growing need for interpolation on curved non-Euclidean spaces. For instances,
quantum control of qubits gives rise to an interpolation problem in the complex projective space
CP" [3]. In computer science, intrinsic polynomial regression is adopted in the context of shape
analysis in Kendall space and diffeomorphic landmark space [4,5].
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In Computer Vision, we shall reference to the work of Fletcher [6] that discusses geodesic
regression as an intrinsic generalization of linear regression to Riemannian manifolds, providing a
least-squares framework for modeling trends along geodesics, with theoretical guarantees for
symmetric spaces and applications to rotation data and brain shape analysis. We shall also mention
the work of Aubray and Nicol [7] on polynomial regression in Control Engineering, which presents a
method for estimating the trajectory of a mobile system, such as a drone, from noisy position
measurements by fitting geodesics in the Lie group SE(3) using a Riemannian least-squares approach,
with results demonstrated on simulated data.

The generalization of cubic polynomials to Riemannian manifolds is not straightforward and may
be achieved by several distinct methods. One approach is to minimize the acceleration from the
perspective of geometric properties, which leads to solving a boundary value problem, i.e., a
fourth-order ODE with boundary conditions. Another approach is to approximate Riemannian cubics
by generalizing the classical de Casteljau algorithm to the Riemannian setting, where line segments
are replaced by geodesic arcs [8]. The approximation error was analyzed in [9]. The present paper
aligns with the effort to develop approximate methods for constructing Riemannian cubics and
Riemannian cubic splines with given boundary data.

1.1. Riemannian cubics and cubic splines

Let M be a finite-dimensional path-connected Riemannian manifold endowed with a Riemannian
metric (-, -), Levi-Civita connection V, and a Riemannian curvature tensor R. Given two points x,, X7 €
M and two tangent vectors vy € T,,M and vy € T,, M, we shall denote by C the space of all smooth
curves x : [0,T] — M satistfying x(0) = xoy, X(0) = vy, x(T) = x7, X(T) = vy, where x denotes the
derivative of x with respect to the affine parameter ¢. Riemannian cubics are defined as the critical
points of the following functional*

1 T
F(x) = Ef (Vix(0), V(1)) xry dt (1.1)
0

over the set C. By the variational principle, it can be shown that Riemannian cubics satisty the
following Euler-Lagrange equation [2]

VfX(t) + R(V,x(t), x(1)x(t) = 0. (1.2)
When M is a Euclidean space, (1.2) can be reduced to d?:}’) = 0, which means that x is a cubic

polynomial in the variable . We mention that the notion of polynomial curve on a Riemannian
manifold, that cubic curve is a special case of, is not uniquely accepted, as there exist definitions that
are not tied to a variational principle (see, for instance, the paper [10] on polynomial interpolation).
The definition adopted depends essentially on the applications the theory is oriented to.

Defining cubic curves on a manifold via an action functional offers a variational framework that
naturally incorporates boundary conditions and yields curves as minimizers of an energy-like quantity,
providing geometric and physical interpretability, whereas purely setting covariant derivatives to zero
prescribes local differential constraints without guaranteeing global optimality or boundary control. A

*The symbol V, is used as a shortening for the symbol V4, which denotes the covariant derivative of a vector field along the curve
x(¢) with respect to time ¢.
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cubic curve based on the criterion (1.1) by definition enjoys a well-understood smoothness property,
namely, minimal covariant acceleration along the cubic. By the same token, a quintic will be endowed
with a minimal-jerk character with clear advantages [11, 12]. We shall also mention that a cubic of
the form (1.2) is a special trajectory of a fourth-order dynamical system defined on the basis of a more
general functional than (1.1) studied in [13]. The existence and uniqueness of Riemannian cubics under
some conditions have been studied in the literature, for example, [14—16].

In very few cases, closed forms of the solution of (1.2) can be given. In practice, solving the
fourth-order ODE (1.2) with given boundary data is not easy. One commonly used way to circumvent
this problem is the shooting method [17], where an unknown initial quantity is guessed and improved
iteratively using the terminal error of a solution to an initial value problem. Note that the performance
of the shooting method is highly dependent on the quality of the initial guess.

Riemannian cubic splines, on the other hand, are C? track sum of Riemannian cubics. That is, for
a given data list (%o, xo), (t1,x1), ..., (&, x), where 0 = 1o <ty <--- <, =T, x; € M,0 < j <,
vo € T M, v, € T,M, acurve x : [0,T] — M is called a Riemannian cubic spline if and only if
it satisfies

V3x(t) + R(V,x(1), X)) =0, 0<t<T, t#1;, j=1,2,....1—1,
x(t)=x;, j=0,1,...,1 x(0)=vy, 2(T)=v, (1.3)
)'c(t;T) = X(17), V,)'c(t;f) =V.i(r;), j=12,....1-1,

where 77 (respectively ;) denotes the limitation approaches to #; from the right-hand (respectively left-
hand) side. Specifically, a natural Riemannian cubic spline is a C? track-sum of Riemannian cubics
with vanishing covariant accelerations at = 0 and ¢ = T, i.e., one obtained by replacing the conditions
x(0) = v, X(T') = v; with V,x(0) = 0, V,x(T) = 0 in (1.3).

In comparison to Riemannian cubics, it is much more difficult to calculate Riemannian cubic
splines as solutions of boundary and interior point problems. To the authors’ best knowledge, intrinsic
and effective methods are still needed to construct Riemannian cubic splines. In [18], Noakes
proposed a method for finding approximations to natural Riemannian cubic splines in symmetric
spaces based on bi-Jacobi fields along geodesics. Indeed, the proposed method is easy to implement,
but it is restricted to near-geodesic natural Riemannian cubic splines in symmetric spaces. In [4], Kim
et al. developed a smoothing spline fitting technique to Riemannian manifold data by generalizing the
method of unrolling, unwrapping, and wrapping proposed by Jupp and Kent. However, their
definition of smoothing spline is slightly different in the sense that the smoothing spline on
Riemannian manifold is the wrapping of the unrolling cubic smoothing spline fitted to the unwrapped
data on the tangent space. More references on theoretical analyses and computations of splines on
Riemannian manifolds can be found in [19-22].

1.2. Motivation of the present endeavor

Consider first the problem of determining a Riemannian cubic fitting given boundary conditions. If
the boundaries are too far apart, the problem might lead to inconsistent solutions. As a workaround,
let us introduce a number n of segments delimited by junctions zy := Xo, 21, ..., Zn-1, Zn := Xr at time
0=t <t <--- <t <t, :=T, where the number of junctions and the values of the parameters
t; are fixed, while the locations of the junctions in M are to be determined. Throughout this paper,
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we assume there is a unique Riemannian cubic joining given boundary conditions. The core idea is
to determine such locations in a way that makes the obtained curve coincide exactly with the sought
cubic. To do so, we shall proceed by expressing the functional ¥ in terms of pieces and by claiming
that the set of junctions that makes such functional stationary builds a cubic spline as a whole.

The first variation of a curve x in the functional (1.1) is calculated by introducing a family of curves
xe(t) € C, where € € (—a, a), with a > 0, denotes a continuous index such that € = 0 corresponds to the
actual path. Then, a variation ¢ is interpreted to act as V.|.-o on vector fields and as d.|.—o on scalars
and on the path. The variation of the functional ¥ is hence given by

1 n—1 liv1

n-l1 lit]
= Zf (V,(2), V7 (6x(1)) + R(Sx(1), (1)) X(1)) 5 dt
=0 (1.4)

= Z [(Vtx(t) V(X)) aoli = (VFR@), XDl

+ " (Vf)t(t) + R(V,x(1), X(2))x(1), 6x(2)) () dt

4

where x is a piecewise Riemannian cubic on {[#;,#i411}1, ! with given boundary data, hence it
satisfies (1.2). It is the case to recall that, at each ¢, for i = 1, 2,...,n—1, two cubics (one from the
‘left-hand side’ and one from the ‘right-hand side’) that meet, share velocity X, but not acceleration
V,x nor jerk V2. In addition, both §x and V,5x are arbitrary and can be chosen in such a way that they
join smoothly at each point #;, namely 6x(#;) = ox(¢7) and V,0x(t7) = V,0x(t]), where ¢ (respectively
t;7) denotes the limitation approaches to #; from the right-hand (respectively left-hand) side. On the
basis of the above observation, the variation of the functional ¥ may be recast as

n—1
§F = Z [(Vi(t) = Vi), Vidx(t)aiy = (Vi) = Vi), 6x(6)) sy | - (1.5)

Then, the variation (1.5) vanishes provided V,x(¢) and VfX(t) are continuous across all junctions. This
motivates the core idea of constructing Riemannian cubics in this paper by minimizing the
following function:

n—1

Z IVt = Vi) + V7)) = Vi) ) (1.6)

i=1

FU@i v

NI*—‘

over the (n— 1)-fold tangent bundle (T M)"~!, where z; = x(th) = x(t7),vi = x(@t7) = Xx(£7),1 <i<n-1.

Successive boundary conditions are reasonably close so that Riemannian cubics on each time
interval can be easily found using the shooting method. This is because when the boundary conditions
are close enough, the Riemannian cubic curve is not too far from Euclidean cubic polynomial, and
then the projections of the initial values of the cubic polynomial can be used as initial guesses for the
shooting method.

Electronic Research Archive Volume 33, Issue 10, 6493-6513.



6497

For solving the Riemannian cubic spline problem (1.3), let x be a piecewise Riemannian cubic in
{[t}, tj+1]}i.‘:10 satisfying x(¢;) = x;, X(¢;) = v;, j = 0,1,...,[, which is found by minimizing (1.6) or by
using the shooting method. To make sure x is C*atx »J=12,...,1—1, we intend to minimizing the
following function,

1 -1
i) = 5 D IV = VI, (1.7)
=1

where v; = fc(t;f) = X(tjf), j=12,...,1-1.

This paper is organized as follows. In Section 2, we present some key blocks to build our
algorithms, including how to find local Riemannian cubics that join consecutive boundary conditions
and how to calculate the Riemannian gradient of covariant acceleration and second-order covariant
acceleration with respect to interior points and velocities. By incorporating the building blocks
developed in Section 2, the general framework for determining Riemannian cubics and cubic splines
is summarized in Section 3. Then, in the following section, we demonstrate the feasibility and
efficiency of the proposed methods by implementing numerical experiments about the unit sphere S2,
where the well-known manifold optimization package Manopt is used as the backbone of our
Riemannian gradient-based methods [23]. Section 5 concludes this paper with comments on the
proposed method and outlines possible future endeavors.

2. Building blocks for determining Riemannian cubics and cubic splines

In order to get the minimizer of the function (1.6) and that of (1.7) using Riemannian-gradient-based
methods, such as Riemannian gradient descent [24,25], Riemannian conjugate gradient descent [26,27]
and Riemannian limited-memory BFGS [28,29], we have two key blocks to build: (1) finding the local
Riemannian cubics joining the given boundary conditions (z;, v;) and (z;;1, vi+1) (Which is supposed to
work only if they are not too far away), and (2) evaluating the Riemannian gradients of V,x(z), Vf)'c(t;r ),
V. x(t;,), V,Z)'C(t;rl) with respect to z;, v, Zi+1, Vir1, Where i = 0, 1,...,n — 1. The first block can be built
by using the single shooting method to solve the Riemannian cubic equation (1.2), provided good
initial guesses are available, which are achieved by the projection of the Euclidean cubic polynomials.

The second block can be built by solving the Jacobi equation along the Riemannian cubics.

2.1. Initial guesses for solving Riemannian cubic equation

It is possible that we may find multiple Riemannian cubics to join the boundary conditions (zg, vo)
and (z,,v,), which may also depend on the initial choice for (z,vy),...,(2Z.-1,Vs-1) € TM. From
now on, we shall assume that consecutive conditions are reasonably close in the sense that (z;, v;) and
(zi+1, vi+1) can be joined by a unique Riemannian cubic curve with fairly easy initial guesses for the
single shooting method.

By the embedding theorem, any Riemannian manifold can be embedded in a higher-dimensional
Euclidean space. Then, the cubic polynomial y in Euclidean space joining the boundary conditions
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(zi,vi) € TM (at t = t;) and (z;41,vi+1) € TM (at t = ;1) can be written as

3(zi1 — 20) _ Vikr t 2Vi)(t P
(tis1 — 1) liv1 — 1 l
Vil + Vi 221 — 2
+( i+1 12 _ ( i+1 ;))(l'— ti)3-
(fiv1 — 1) (tiv1 — 1)
Let # denote the projection from Euclidean space to the tangent space of the Riemannian manifold
M at z;. Then, the tangent vectors

y(i)(f) =zi+vt—1)+ (
(2.1)

() (Y 6(ziv1 —2)  2(vie1 + 2Vi))
PEV()) = 50( TS P— (2.2)
and
wetiyipny _ o OWirt + Vi) 12(zi — Zi))
POTE) = P( (tis — 1)? (tisn — 1)’ (23)

can serve as the initial guesses of high quality for solving the Riemannian cubic equation (1.2) by the
single shooting method.

Example 1. Suppose M is a m-dimensional Riemannian manifold embedded in a (m + 1)-dimensional
Euclidean space E"*! isometrically, then M = [~!(c) for some smooth function / : M ¢ E™! — R and
some constant ¢ € R. Any vector v in E™*! at x € M can be projected onto the tangent space T, M of
M at x as follows,

Pv) = v —(v,neny, 2.4)

where n, = ngg ;83” denotes the unit normal to the manifold M, grad [ is the Euclidean gradient of /,

and || - || is the norm induced by the standard Euclidean metric.
In particular, if M is the m-dimensional unit sphere S™, then I(x) = x"x = 1 for any x € S",
grad I(x) = 2x, and ny = x, which implies the projection

PW) =v—(v, x)x (2.5)

for any v € E"!.

2.2. Evaluate Riemannian gradients

For 0 <i < n— 1, let x” represent the Riemannian cubic joining the boundary conditions (z;, v;) (at
t = t;) and (z;41,vis1) (@t t = t;1) determined by the aforementioned method. The aim of this
subsection is to evaluate the Riemannian gradients of V,xO(r}), VZiO()), V49, ), and VZxO(r, )
with respect to the boundary conditions z;,v;, zi+1, vi+1- Such gradients will serve the purpose of
iteratively updating the initial guess of the junctions z; and their associated velocity vectors until a
reasonable approximation of the cubic sought is attained.

To derive the Jacobi equation for Riemannian cubics, we consider a variation xg) 2, ] X
(-a, a) > M of xV for some small a > 0. In short notations, we write x for x?(¢), and x, for x?(?).
Let J(#) := (0ex(1))|e=0, and let us recall the properties (see [30])

V;x=V,J and V,V,yv =V, Vv +R(J, X)v, (2.6)
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for every smooth vector field v € I'(TM). The Jacobi equation for Riemannian cubics is an analogous
of the Jacobi equation for geodesics and may be derived from the Riemannian cubic equation (1.2) by
applying the covariant derivative operator V; to both sides, which readily gives

V,V2x + V,R(V,x, %)% = 0. (2.7)

The two addenda on the left-hand side are calculated as follows:
V,V2i =V, V,V2i + R(J, )V

= V(V,V,V, &+ R(J, )V,x) + R(J, x)Vx

= V/(V(V,V,J + R(J, )%) + R(J, H)V, %) + R(J, ) V2

= V.(V)J + (V,R(J, X)x + R(V,J, X)x + R(J, V, %)% + R(J, )V, X)
+ (V,R)(J, ©)V,x + R(V,J, X)V,x + R(J, V, %)V, % + 2R(J, ¥)V*x

= VI + (VIR)J, 0)x + (V.R)(V,J, X)x + (V,R)(J, V)% + (V,R)(J, ¥)V, %
+ (V,R)(V,J, X)x + R(V?J, X)x + R(V,J,V,X)x + R(V,J, ¥)V,x
+ (V,R)(J, V,x)x + R(V,J, V. X)x + R(J, VX)x + R(J, V,¥)V,x
+ (V,R)(J, )V, x + R(V,J, X)V,x + R(J, V, %)V, % + R(J, X)Vx
+ (V,R)(J, ©)V,x + R(V,J, )V, x + R(J, V,¥)V,x + 2R(J, X)V2x

= VI + (V?R)(J, %) + 2(V,R)(V.J, X)x + 2(V,R)(J, V., %)% + 3(V,R)(J, X)V, %
+ R(V2J, ¥)% + 2R(V,J, V,%)x + 3R(V,J, ©)V,x + R(J, VZx)x
+3R(J, V)V, x + 3R(J, X))V &

and
V,;R(V.x, x)x = (V,R)(V.x, X)X + R(V,;V,x, X)x + R(V,x,V,;%)x + R(V,x, X)V ;%
= (V,;R)(V,x,X)x + R(V,V,J + R(J, X)X, X)X + R(V,x,V,J)x + R(V,x, x)V,J
= (V;R)(V,x, X)x + R(V2J, %)% + R(V,x,V,.)x + R(V,x, ©)V,J + R(R(J, %)X, X)x.
Therefore, we get the Jacobi equation of Riemannian cubics as follows:
VI + (VZR)(J, x)x + (V R)(V,x, )% + R(R(J, %)X, )%
+ R, V)% + 2 ((VRYVJ, 0)i + (ViR V)% + RV, 1)) (2.8)
+ 3 ((ViR(J, )V, + R, X)V7 i + R,V 5)V,5) + 4R(V,J, §)V 5 = 0,

where we have used the algebraic Bianchi identity together with the skew-symmetry property of the
curvature tensor to get

R(V,J,V,x)x + R(V,x, X)V,J = —=R(x, V,J)V,x = R(V,J, X)V,x.

The Jacobi equation (2.8) appears as a fourth-order differential equation in the Jacobi field J. Notice
that a similar equation can be found in the work of Crouch and Leite [31] (see relation (14) therein)
but with a different notation. Solving the differential equation (2.8) on M is hard in practice, however,
upon resorting to an embedding into a larger Euclidean space, it can be tackled by one of the tools
available such as the ope45 method in MATLAB®.
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Next, we investigate the Riemannian gradients of V,x?(z}), Vii(r}), V,x?(r7, ), and V;¥(r;, )
with respect to z;, v;, Zi+1, Vi+1. In order to perform the following calculations, we found it convenient to
resort again to an appropriate embedding of the base manifold M. Let I" denote the Christoffel symbol
associated with the Levi-Civita connection V. Then'

Vi = %+ [L(x, %),
V2i = X + 30 (%, X) + dT(X)(k, %) + To(x, T(%, %))

(for reference, one might consult, e.g., the tutorial papers [32, 33]). Thus, we first consider the
(Euclidean) derivatives of X”(r}), X @), (7, ), and X' V(#;,,) with respect to z;, vi, zi+1, and vi.
In short, we write u;, w;, u;11, and wyyy for X0(zF), X O@h), ¥(¢7, ), and X O(r7, ), respectively.
Suppose E : [t;, t;y1] — M is the Riemannian cubic joining the boundary points of data (z;, v;) and
(Zit1, Vis1), denoted by*
t—t t—t t—t

E(@) .= E(Zi, —vi, Ui, Wil
TSl T R T R

where E(t) = z, E(ty) = vi, E(t) = ug, and E () = wy, if k = i, i + 1. Differentiating both sides of
the relation® E(z;, v, u;, w;) = zix1 With respect to z;,; and v;,, respectively, we get

i\ o g™ g aul.Eﬂ + 0, E owi

0, E— +0,
0Zis1 0Ziv1 Vi

=0. (2.9)

Differentiating! E(z;, v;, u;, w;) = viy; with respect to z;,; and v;,, respectively, we get
g p p y g

. Ou; . Ow; . Ou; . Ow;
0, E— +0,F—- =0, 0,E— + 0, F—— = 1. 2.10
[ aZi+l l aZi+1 [ aVi+1 [ 8Vi+l ( )
Combining (2.9) and (2.10), we find
. A . , -1
8, E 0W.E] l%l f—ll lf— f—l [8M.E BW.E]
L LI i+] (VH» — I " (ZH_I ‘VHII — L L (211)
ow; ow; ow; aw;
[aui E aw,- E 0ziv1 Ovis 0ziv1 Ovin au,- E aw,- E
Similarly, straightforward calculations yield
ou; ow; ou; ow;
0.E+0,E—+0,E— =0, 0,E+0,E— +0,E— =0,
Zi i azl i aZ, i i 8‘}1 i avl
. . Ou; . Ow; . . Ou; . Ow;
O,E+0,E—+0,E—=0, 0,,E+8,E— +0,E— =0,
Zi i azl i aZl i 1] 6‘}1 i avl (2 12)
u du 0,E 0,E|" [0.E 0,E
- BWl' 6Wl' = — . . . . I
e o,E 0,E 0.k 0,E

"The second identity holds because V2 = 4 (V%) + T (%, V,%) = £ (% + (%, %) + To(x, ¥+ T, (4 £) = & + 30, D)+ dT (1) £) +
[k, Tu(%, X))

#We use this notation simply because E is a solution of the fourth-order ODE (1.2), which can be determined by four initial conditions.
Besides, the notation mimics the standard exponential map exp,, (%V")’ which is a geodesic starting from z; and along the direction v;
(determined by two initial conditions).

SNote that E(t;;) = E(z;, Vi, ;, w;) = Zi1 by the definition of E.

INote that E(t;,1) = E(z;, vi, Ui, Wi) = Vis1 by the definition of E, which is the velocity of the Riemannian cubic curve E at f = #;,;.
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.. .. Gu,- . (9w,- (9u,-+1 .. .. (9ul- . Gw,- (91/!,'4.1
0,E+0,F—+0,E—=—, 0,E+0,E— +0,,E— = ,
& ' [‘)z,- ! (91,- aZ,' ! ! 6 Vi ' (9vl- (9vl~
0 6W, aW,q.] (') (9w- 8Wi+1
0E+8E +0, FE— = ,6VE+8E +0, E— ,
0z 0y 0z ’ ov; oy v, (2.13)
ouj ouj 7 P Ou; ou;
— a?v_zlll aevvl:l _ [&,E av,E:| 4 |:au,E ale.v.:| lgé %l )
el v 0,E 0,E 0 E OwE| |5 FE
.. (91/!,‘ .. 8w,~ 8lli+1 .. Gui .. 8W,‘ 8I/ti+1
O E— + 0, E—1 =2 g 1 4§, E—1" = ,
" 0Zin " 0zin 0Zis1 b0V " 0via 0Vis
o Ou; ow;  dw, Ou; ow;  Ow;
0y E— GWIE Wi lidia , 6u,E a 6W,E i lidia (2.14)

0Zis1 aZz+1 0Zi41 Vit Vi aVi+l

Oz aMH 1 aut Ou;
— gZilq. 1 g‘}i-ﬂ — a E 6W’ E aaZHl 65i+.l .
Wi+l OWit1 8 E a E Wi Wi
0Zi+1 0vit1 0zi+1 vix

Now, let E. represent a variation of the curve E defined by

t—t t—t
vi(€), u;(e), wi(e)],
z()t r’()t - z())

i1 — i+1 — I i+1 — L

E(t)=E (exp(zi, €w), .

where @ € T. M defines a variation of the point z; along the geodesic exp(z;, ea). Vectors v;, u;, and
w; have been extended as vector fields v;(€), u;(€), and w;(€) along exp(z;, ea) via parallel translations.
This variation determines a Jacobi field via the relation (2.7), which is a solution J of the fourth-order
linear dynamical system (2.8). Then,'

0,E = J(ti1), OLE = J(ti1), 0,E = J(ti1), 0,E = J (1), (2.15)

where the Jacobi field J is obtained by numerically solving (2.8) with the initial conditions J(t;) = «
J@) = J@) = J (@) =0

Let e denote the basis of the tangent space 7, M. In abstract notation, if we iteratively choose
J(5;), J &), J@), T (@)™ as (e,0,0,0)7, (0,e,0,0)7, (0,0,e,0)7, and (0,0,0,¢)", then we get the
following derivatives,

J(@) e 00 J(tis1) (?ZlE awE 8”[E
Jay| |0 e 0 0] Solve@8) || |0.E 0.E o,
j(ti) B 0 0 e j(ti+l) B ar,E 0v,-E au,-E
J () 0 0 0 J (i) 0.E O0,E 0,FE
Let us define, for notational convenience, the following matrices:
L L
0.E 0,E 0,E 0,,E
_|0,E O,E _|0,E b.E
« [az,.E' av,E}’ b [au,E aw,.E]

Note that 8 E(fi+1)le=o = 05, E(tis1).
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Then, combining the above with (2.11)—(2.14), we readily obtain

i u; dui  du
0z; o | — -1 0z; v, _ p-1
[a_ aivl}——B A, [ai:: 5’“}—3 ;

owi - OWi
0z Ov; 0ziv1 Oviyl

(2.16)

Oujvy  Ouivg Ouivy  Oivy

0z v | — _ ~1 0zZiv1 i1 | — -1
Bw,»il aw,’i] - C DB A’ an[:l awlitrl - DB
0z; v; 0Zis1 Oviy

To convert the derivatives above as Riemannian gradients of V,x and V,zx, we can use the Christoffel
symbol and the projection of vectors to the tangent space of the manifold. For example, the Riemannian
gradient of V,x(¢;") with respect to z; is given by

ou

(ui + in(vi’ V[))) = P(_l + drzi(e)(vi’ V,‘)) .
8zi

9

0o . .\
P(—V,x(ti )) = P(ﬁzi

6zi

The Riemannian gradient of V7i(r}) with respect to z; is given by

P (;fo(t;')) =P (ai (Wi + 30, (vi, u) + dU,(v)(vi, vi) + T, (vi, T, (v, Vi))))
Zi Zi

ow; Ou;
2 (2% 4 34T (e)(v,, %) + 3T (v, 28
(92,' ! ! (92,'

+dI(e)(vi, I, (vi, vi) + T (i, dT () (Vi 1)) 5

) + dzrz,-(vi, e)(vi,vi)

where P is the projection of vectors to the tangent space of the manifold. See Appendix 5 for a full
list of the Riemannian gradients of V,x”(¢}), V7xO(r)), V,29(z;, ), and V7x(r7, ) with respect to z;, v,
Zir1, and Vi, .

This section has built the two key blocks for the proposed method, i.e., finding the good initial
guesses for solving the Riemannian cubic equation (1.2) by the single shooting method, and deriving
the derivatives of covariant accelerations and jerks. In what follows, we will put all “ingredients”
together to show the general framework for finding Riemannian cubics and cubic splines.

3. General framework for determining Riemannian cubics and cubic splines

In this section, we present the general framework for determining Riemannian cubics and cubic
splines using Riemannian-gradient-based methods, such as Riemannian gradient descent, Riemannian
conjugate gradient descent [26,27], and Riemannian limited-memory BFGS [28,29].

Given boundary conditions (xy,vg) (at t = 0) and (x7,vr) (at t = T), let (z;,v;) € TM be the
junction and its associated velocity at time #;, i = 1,2,...,n— 1. We set zo := Xo, 2, := X7, V, := V7,
Z:= (20,2 201), V i= (W1, V2,0, v,1), and VIi()) = V/i(r;) = 0, j = 1,2. For simplicity, we
may divide the total time interval [0, T'] equally, that is, #; = flT, i =0,1,...,n Then, the Euclidean
gradients of the function (1.6) with respect to z and v are given as follows:

Ouf = 041,00 fs -0, )y Ovf = (00, f, 00 ], 0, 1) 3.1

Electronic Research Archive Volume 33, Issue 10, 6493-6513.



6503

where
da; 0 f 8 f
0,f = ( aa) (az)+( (thf(lf_l))) (ai-l)—(a—(VzX(t,ll))) (@is1)
Zi Zi Zi
B d f d ! G2
( l) (ﬁz)+( Z_(V,Zx(tf_l))) (Bi—l)_(a_z(vfx(tj:.l))) Bis1)s
and
dar;\' o .\ o |\
o,.f = . (@) + (le(ti_l))) (@j-1) = | 7= (Vix(t )| (@is1)
V; ov; ov; (3.3)

9B; 9 f 8 f
( '8) B) ( V_(Vtzx(ff_l))) (ﬁi—l)_(g(vtzx(t,;l))) Bis1)s

with @; 1= V,x(t]) = V,x(17), B; := VZi(t}) — V7i(r7), and the symbol 1 denotes the adjoint operator

defined by
0w o\ _ (f?_w)T 5
M5 8v() =\\3 (1),0).

Since the change of z; affects the values of VEx(r)), VEx(r7), Vix(r! ), and VEx(r,
follows from the following fact:

), k=1,2,3.2)

i+1

0 i 0 i+
<8Zif’ W> = <a,i’ _a,(w)> <a/1 1s (W)> <ai+l’ %(W)> +

o B o B

da; RY
<( a) l)+(—(VtX(tl 1))) (ai-l)—(a—z(sz(ti+1))) (@ir1)+

9B; 9 R\
( & ) (ﬁ,)+( Z.(fou,-tl))) (ﬁi_l)—(a—z(V?x(ri+l>)) (ﬁi+1>,w>.

Likewise, 0, f is similar to calculate. Then, we convert the Euclidean gradients d,f and 0y f to the
Riemannian gradients 8% f and 6% f by the projection P to the tangent bundle of M, namely,

Rf = POLL),POLS)s s P@Boy ), O5f i= (PO POBwS), - PO, f). (34

Now we have all the “ingredients” needed to perform optimization with the Riemannian
gradient-based algorithms; our proposed method for approximating a Riemannian cubic joining
(xg,vo) (at ¢t = 0) and (xr,vy) (at ¢t = T) is summarized as Algorithm 1.
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Algorithm 1: Riemannian-gradient-based method for determining Riemannian cubics

Input: Boundary conditions (xg, vo), (x7,vy) € T M, number of sub-intervals 7, maximum
number of iterations N, stop error € > 0.
Output: Riemannian cubic y : [0,T] — M with y(0) = xq, ¥(0) = vy, ¥(T) = x7 and
¥(T) = vr.

1 Choose an arbitrary curve ¥ : [0, 7] — M joining (xo, vo) and (xr, vr), and z; := ¥(iT /n),
v :=y(T/n),i=1,2,--- ,n—1.

Replace ¥ by a piecewise Riemannian cubic y joining all (z;, v;)’s via the single shooting
method.

3 fork — 1toN do

4 fori — 1ton—1do

5 Calculate the Euclidean gradient of (1.6) via (3.1).

6

7

[ 5]

Calculate the Riemannian gradient of (1.6) via (3.4).
Update z;, v; via Riemannian gradient based method with the cost function (1.6) and
Riemannian gradients (3.4). // Manifold optimization package MANopPT can be used as

the backbone.
8 end for

9 | if ||0%f]| < e and ||0% f]| < € or f < € then
10 Update the piecewise Riemannian cubic y based on new (z;, v;)’s.
11 Stop.
12 end if
13 end for
14 returny

Now we turn to the general framework for finding Riemannian cubic splines. The input data are
boundary data (xp,vo) (at t = 0) and (x7,vr) (at t = T), and interior data xy,x5,...,x; (at ¢t =
t1, b, ..., 11, respectively). Let v; € T, M denote the tangent vector at x;, i = 1,2,...,/ — 1. We set
to:=0,t:=T, x;:= xp, vy :=vp, V= (Vi, V2, ..., Vi), Vii(2)) := 0, and V,i(t)) = 0.

For 0 <i < [-1, suppose the Riemannian cubic joining (x;, v;) and (x;;1, vi+1) has been approximated
by Algorithm 1 or other methods. Similarly as before, the Riemannian gradient of the cost function
(1.7) with respect to v is given as follows:

Rg = (PD,,8), P01,8), - .., Py, 8)); (3.5)

where
9

(9vl~

T
o (vtxa,;l))) (@), (3.6)

oa;\' J !
08 = (—) (@) + (a—(VIX(tf_l))) (ai-1) = (
Vi
with @; := V,x(t7) — V,x(t)).
The Riemannian-gradient-based method for approximating a Riemannian cubic spline joining
(x0,vo) (at t = 0), x1, %0, ..., x5 (@t t = t1,12,...,5_1), and (xr,vr) (at t = T) is summarized in
Algorithm 2.
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Algorithm 2: Riemannian-gradient-based method for determining Riemannian cubic splines
Input: Boundary conditions (xg, vo), (x7,vy) € T M, interior conditions
(t1, x1), (t2, X2), . . ., (t;-1, X;-1), maximum number of iterations N, stop error € > 0.
QOutput: Riemannian cubic spline y : [0, T] — M with y(0) = xq, ¥(0) = vy, ¥(T') = xr,
YT)=vr,y(t)=x;,i=1,2,...,1—1.
Choose initial velocities v; € T, M and find the Riemannian cubic curve joining (x;, v;) and
(Xis15 Vig1)-
2 fork < 1to N do
3 fori — 1ton—-1do
4
5

p—

Calculate the Riemannian gradient of (1.7) via (3.5).
Update v; via Riemannian gradient based method with the cost function (1.7) and
Riemannian gradients (3.5). // Manifold optimization package MaNopT can be used as

the backbone.
6 end for
7 | if |0%g|| < e or g < € then
8 Calculate the piecewise Riemannian cubic spline y based on new (x;, v;)’s.
9 Stop.
10 end if
11 end for
12 returny

4. Numerical experiments on the unit sphere

To test the feasibility and efficiency of our proposed methods, this section focuses on determining
Riemannian cubics and cubic splines on the unit sphere. We implemented all experiments in
MATLAB® 2023a on a computer with an AMD 3600 6-core processor, SGB RAM, and Windows 10
Enterprise. We adopt Riemannian gradient descent (RGD), Riemannian conjugate gradient
descent (RGD), and Riemannian limited-memory BFGS (RLBFGS) in the well known manifold
optimization package MaNopT as the backbone of our methods [23]. MATLAB® codes are available
on request for reasonable purposes.

Let S ¢ E™! denote the unit sphere endowed with the induced standard Euclidean metric. For
p € S™, uy,up,u3 € T,S™, the Levi-Civita connection is given by

Vitta = Oyytty + Uy, u2)p,
and the Riemannian curvature is written as
R(uy, up)us = (up, uz)uy — (uy, uz)us.
Then, the Riemannian cubic equation (1.2) on the sphere can be reduced to (see also Eq (51) in [31])

xXD(@) + 40, T @)x(r) + 3¢G0), 2(0)x (1) + K(D), 5(1)) (D)

PPN a2 (4.1)
+ 2(2), X(2))J(t) + 2¢x(2), x(2))"x(¢) = 0.
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The Jacobi equation (2.8) on the sphere takes the form

JOE) + 40T (1), 1)) x(t) + 6(J (1), (1)) x(t) + 4 (1), X)) (D)
+ 2{x(1), )‘C(t))f(t) + 4<j(t), xX())x() + 4(j(t), X())x(1)
+ 4CE(), X)) (1) + AT (@), 1)) i(t) + 8(J (1), x(1)){x(t), X(1))x(?)
+ 4 X (1), x(0))J (1) + 3x(1), X(0))J(t) + 2{x(¢), )'c(t)>2J(t) =0.

(4.2)

Example 2. To generate a reference Riemannian cubic on the sphere S?, we choose initial conditions
x(0) = (1,0,0)7,  x(0) = (0,0.2,-0.2)", i(0) = (=0.0800, 0.1180,0.0429)7,
x'(0) = (=0.0451,-0.0572,0.0300)7, time T = 7, and solve the equation (4.1) by the MATLAB®
method ope45. Then, we read the endpoint x(7) = (0.0023,1.0000,-9.2229 x 107%)T and
end-velocity x(T) = (0.1675,-3.9341 x 107# -3.1805 x 10™)T from the numerically solved
Riemannian cubic.

Now we turn to approximating the Riemannian cubic joining the boundary conditions (x(0), x(0))
and (x(T),x(T)) on [0,T] by the proposed methods. To attain such an approximation, we set the
number of segments n = 3. We first join (x(0), x(0)) and (x(T'), x(T")) by the Euclidean cubic polynomial
¥, then choose (z;, v;) as the initial interior conditions, where

_ yGT/n)

= warmr VT YGT [n) = YT /n), zi)zi, i=1,2. (4.3)

Instead of minimizing the cost function (1.6) on the 2-fold tangent bundle™, we set out to alternatively
minimize (1.6) over the 2-fold manifold S* x S* and 2-fold tangent space T,,S* X T,,S?, where the
manifold factories in the ManopT package are directly applicable [23]. Figure 1 shows some iteration
statistics including the cost function value, the norm of the gradient of the cost function, and the running
time for RGD, RCG, and RLBFGS.

We observe that RCG stops after 40 iterations while RGD and RLBFGS stop after 156 iterations
though the stopping tolerances on the cost function value (107%) and on the gradient norm (107%),
and the minimal stepsize (107'°) are set to be the same for all of them. Roughly speaking, RLBFGS
generates the Riemannian cubic with the smallest error but RCG runs faster. Besides, the process of
minimizing over T,, S? X T,,S? is generally faster than that of minimizing over S x S? as can be readily
inferred from the bottom panel™ in Figure 1.

**The cost function (1.6) is defined on the (n — 1)-fold tangent bundle 7M. Since all the manifold factories in the ManopT package
are implemented on the manifolds, not on the tangent bundles, we minimize the cost function on the (n — 1)-fold manifolds and the
(n — 1)-fold tangent spaces separately and alternatively. Mathematically, the optimization problem minl(z;-v,-))”:l‘ crmy- FUG Vi)}?;ll) is

i=

reformulated as min((z/_)y_x:ln et fU(zi, v,»)}l'.’z‘ll) with v; fixed and min((v[)}n:lle(T:_ -1 (s v,-)}f"ll) with z; fixed.
""Note the tangent space T, S* x T,,S? is flat, which might make numerical optimization easier.
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Figure 1. An example of determining Riemannian cubics on the sphere S? using Algorithm 1
with RGD, RCG, and RLBFGS as backbones: (a) Convergence behavior of the cost function
value; (b) Convergence behavior of the norm of the gradient of the cost function; (c) Running
time in each iteration.

)

Time

RCG
RLBFGS

The qualitative performance of RLBFGS for finding Riemannian cubics is shown in Figure 2, where
the blue, red, and green curves represent the projection of Euclidean cubic polynomial, the piecewise
Riemannian cubic generated by Algorithm 1 with RLBFGS, and the reference Riemannian cubic,
respectively. The red curve almost coincides with the green curve, which demonstrates the performance
of our proposed methods.

Figure 2. Qualitative result of our methods for determining Riemannian cubics, blue, red,
and green curves represent the projection of Euclidean cubic polynomial, the piecewise
Riemannian cubic generated by Algorithm 1 with RLBFGS, and the reference Riemannian
cubic, respectively.
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Example 3. In this example, we consider determining a Riemannian cubic spline joining
(-XO’ VO) = ((1’ 05 O)Ta (07 027 _02)T) (at = 0)
and
(xr,vr) = ((0,1,0)7,(0.1675,0,0)") (at?=7),
and passing through
x1 = (0.2598,0.9496, -0.1753)" at ¢ = 2.3333,
x, = (0.7081,0.6588,-0.2541)" at 1= 4.6667.

The computer code is initialized by selecting the tentative initial velocities

v = (—0.0584,-0.0137,-0.1605)" € T, S*,
v, = (0.0835,-0.0781,0.0301)" € T,,S*.

Then, the code proceeds to minimize the cost function (1.7) using Algorithm 2, whose results are
shown in Figure 3. Under the same stopping tolerances on the cost value (107%) and on the gradient
norm (107%), and minimal stepsize (107!°), the RGD takes 13 iterations while the RLBFGS only
needs 6 iterations. The running time of RGD, RCG, and RLBFGS are 23.0278 seconds, 13.2719
seconds, 6.9692 seconds, respectively.

104

=8 RGD
—k—RCG
—&0— RLBFGS

102k

Cost function value
= =
< <
& S

.
°
£

Norm of the gradient of the cost function

=
<
5

0 2 4 6 8 10 12 14
(a) Iteration number (b) lteration number

Figure 3. An example of determining a Riemannian cubic spline on the unit sphere S*
using Algorithm 2 with RGD, RCG and RLBFGS as backbones: (a) Convergence behavior
of the cost function value; (b) Convergence behavior of the norm of the gradient of the
cost function; (c) Blue and red curves represent initial piecewise Riemannian cubic spline,
and final piecewise Riemannian cubic spline generated by Algorithm 2 with RLBFGS as
the backbone.
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5. Conclusions

As generalizations of cubic polynomials in Euclidean spaces, Riemannian cubics and their variants
Riemannian cubic splines have been widely used in engineering, computer science and applied
mathematics. = However, effectively constructing Riemannian cubics and cubic splines is a
long-standing and hard problem. This paper proposes new frameworks for constructing Riemannian
cubics, based on the variational principle and the shooting method. By adding some interior
conditions, piecewise Riemannian cubics joining consecutive conditions can be found by shooting
method. Then, we minimize the difference of covariant accelerations, second-order covariant
accelerations at junctions by Riemannian-gradient-based methods such as Riemannian gradient
descent, Riemannian conjugate gradient descent, and Riemannian limited-memory BFGS. Based on
the obtained Riemannian cubics, Riemannian cubic splines can similarly be approximated by
minimizing the difference of covariant accelerations at interior points by gradient methods. Numerical
experiments on the unit sphere S? test the effectiveness and efficiency of the proposed methods.

The main novelty of the proposed methods is that we take advantage of the variational principle
and geometric properties of cubic polynomial (for finding local Riemannian cubics). Although
numerical experiments show our methods are efficient for determining Riemannian cubics and cubic
splines, the efficiency could be further improved if more efficient Riemannian gradient-based methods
could be used, which could be our future work. We underline that alternatively minimizing the cost
function (1.6) on manifolds and tangent spaces may reduce the efficiency of the proposed methods.
Future work may include developing the tangent bundle factory in the ManopT package for such kind
of optimization problems. Further, the convergence analysis of Riemannian gradient descent,
Riemannian conjugate gradient method and Riemannian BFGS for general or specific tasks has been
studied in the literature, such as [24,26-28]. Motivated by the existing theoretical analysis, we may
consider the convergence of our proposed algorithms in the future work.
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Appendix

Calculations of Riemannian gradients

For 0 <i < n—1,let x¥’ be the Riemannian cubic joining the boundary conditions (z;, v;) (at t = t;)
and (z;+1, vi+1) (at £ = t;11). This appendix presents a full list of the Riemannian gradients of V, (),
V2O, V,x9(z, ) and V7x(¢7, ) with respect to boundary values z;, vi, Zit1, Vis1.-

Let T" be the Christoffel symbol associated with the Levi-Civita connection V, # the projection of
vectors to the tangent space of the Riemannian manifold M. We write u;, w;, i1, wiy for ¥0(s)),
xO(eh), x0(r7, ), X9, ,), respectively. Then, we have
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