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Abstract

In this paper we study geodesics of left-invariant sub-Riemannian metrics on SO(3) and almost-Riemannian
metrics on S2. These structures are connected with each other, and it is possible to use information about one
of them to obtain results about another one. We give an explicit parameterization of sub-Riemannian geodesics
on SO(3) and use it to get a parameterization of almost-Riemannian geodesics on S%. We use symmetries of
the exponential map to obtain some necessary optimality conditions. We present some upper bounds on the cut
time in both cases and describe periodic geodesics on SO(3).

Introduction

A sub-Riemannian manifold is a triple (M, A, g), where M is a smooth connected manifold, A is a smooth constant
rank distribution on M and g is a smooth Riemannian metric on A. Sub-Riemannian structures often appear in
applications, like quantum control , robotics [24H26], image manipulation [1] and many others .

In a recent article @], a full classification of left-invariant sub-Riemannian structures on 3D Lie groups was
given. These structures give the basic and most simple examples of sub-Riemannian manifolds. That is why they
are often used as models for general techniques and as a source of new ideas and intuition for studying more complex
sub-Riemannian manifolds.

One of the most important issues in Riemannian geometry and its generalizations is the description of the
minimal (shortest) curves. This problem can be rather hard, and even in the simplest case of left-invariant 3D
sub-Riemannian manifolds a full description of minimal curves is known only in a small number of cases: the
sub-Riemannian problem on the Heisenberg group , its spherical and hyperbolic analogs [15H18] and the
sub-Riemannian problem on SE(2) [23126]. Some significant progress was also made in the case of SH(2) .

In general it is known that geodesic flows of sub-Riemannian structures on 3D unimodular Lie groups are
Liouville integrable . Using a notion of curvature for sub-Riemannian manifolds, authors of paper |5] were able
to provide estimates on the conjugate time for the same groups. But a characterization of shortest left-invariant
sub-Riemannian geodesics on SO(3) and SL(2) is still unknown.

Geodesics of sub-Riemannian metrics and Riemannian metrics on SO(3) behave similarly in many ways. The
main reason for this is that any contact sub-Riemannian metric can be obtained as a limit of some family of
Riemannian metrics (the penalty metric, see ) After a suitable change of coordinates a Riemannian metric g
becomes diagonal:

I 0 O
9; =10 I 0
0 0 I3

It is well known that Riemannian geodesics on SO(3) describe motions of a free rigid body. The constants I;
depend on the mass distribution of the body and are called the principal inertia moments. A study of the rotational
movement of rigid bodies was initiated by Euler. In 1766 he wrote down and integrated equations of motion in the
(Euler) case Iy = I, = I3 [7]. Later, in 1788, Lagrange obtained a parameterization of geodesics for the (Lagrange)
case, when just two principal inertia moments are equal one to another . In the general case equations of motion
were integrated by Jacobi in 1849 after he introduced his famous elliptic functions ﬂgﬂ Nowadays the free rigid body
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dynamics became a classic topic in mechanics. It is discussed in a number of different text books, like [29] or |10].
Nevertheless, the optimality question seems still to be open in the general case (see [11], Section 6.5.4).

One obtains a sub-Riemannian structure by passing to a limit I; — +oco for some j. There is no physical rigid
body that corresponds to the sub-Riemannian case, because there are some additional physical constraints on the
inertia moments [10], the triangle inequalities:

I + I, < I, I, + I3 < I, Is+ 1 <1Is.

Nevertheless the sub-Riemannian geodesics still have meaningful applications [20]. Our initial goal was to obtain a
full description of minimal curves on SO(3) equipped with a one-parametric family of left-invariant sub-Riemannian
metrics. In this family there is one particular symmetric structure that corresponds to a bi-invariant metric, which
was completely examined earlier in papers [15H18|. Thus in this article we consider left-invariant metrics that are
not bi-invariant. Although we have not obtained a full description of the minimal curves, we give new necessary
optimality conditions for geodesic curves and some new properties of periodic geodesics. A very brief description
of periodic geodesics was previously given in [14]. In this paper we investigate their topological properties and give
specific conditions for a geodesic to be periodic.

In the second part of the article we study almost-Riemannian problems on the two-sphere. Naively an almost-
Riemannian manifold is obtained in the following way: take an n-dimensional smooth manifold, n vector fields that
are linearly independent almost everywhere and define a metric in which these vector fields form an orthonormal
frame. The set of points where these n vector fields are linearly dependent is called the singular set. Given a
sub-Riemannian structure on SO(3), one can project it down to its homogeneous space S2. After this procedure
the two-sphere is endowed with a structure of an almost-Riemannian manifold.

Almost-Riemannian structures arise in problems of population transfer in quantum mechanics |19/36] and in the
problem of orbital transfer in space mechanics [12]. Geodesics on almost-Riemannian two-spheres were previously
studied in a series of papers [19,/36] in a context of quantum control. Remarkably, authors of these articles were
able to provide an optimal synthesis for a particular initial point on S? without a full parameterization of geodesics.
In this paper we study the symmetries of the exponential mapping in almost-Riemannian problems on S$2? and
obtain some necessary optimality conditions. We then use them to obtain some new bounds on the cut time for
almost-Riemannian geodesics on S? and sub-Riemannian geodesics on SO(3).

We also note, that during preparation of this manuscript article [21] and preprint [22] appeared, where the
same sub-Riemannian and almost-Riemannian problems were studied. Thus it is reasonable to indicate explicitly
the novelty of some results in this paper. We integrate the Hamiltonian system for sub-Riemannian geodesics
on SO(3) using a well-known approach from mechanics [29,31], and action-angle coordinates in the dual of so(3)
induced by a pendulum [24]. In [21] and |22] the authors gave a similar parameterization using the same technique,
but omitted details. Here we give a full derivation for parameterization of sub-Riemannian geodesics and use it to
obtain a parameterization for almost-Riemannian geodesics. Using these formulas we give a novel characterization of
periodic geodesics on SO(3) and study their topological properties. The description of symmetries of the exponential
map and necessary optimality conditions in the sub-Riemannian problem are essentially new.

In [22] necessary and sufficient optimality conditions are formulated for geodesics which start from the singular
set. In this paper we show that the sub-Riemannian structure on SO(3) and almost-Riemannian structure on
52 share a number of discrete symmetries. We use this fact to obtain some optimality conditions in the almost-
Riemannian case. This technique allows us only to give necessary conditions, but we state them for some initial
points that lie outside the singular set. We use the parameterization of geodesics from this paper and results
from [22] to obtain bounds on the cut time for almost-Riemannian geodesics that start from the singular set and for
any sub-Riemannian geodesics on SO(3). Thus the second part of this paper may be considered as complementary
to [21) and [22], where authors have proved many interesting results.

In the following text we use the following notations:

e A; is the standard basis of so(3) = T14 SO(3)

0 0 O 0 0 1 0 -1 0
Ar=o 0 —1]., 4=[0 00|, 4=[1 0o of: (1)
01 0 -1 0 0 0 0 O
e ¢; is the basis of R?
1 0 0
€1 = 0 5 €y = 1 5 €3 = 0 ] (2)
0 1



e 4,7,k is the basis in the space I of imaginary quaternions;
e 7! is the basis in 77, SO(3) dual to A4y, i.e., (0, A,) = 0%, I,m =1,2,3.

By a capital letter we denote an element of so(3), by a small letter — the corresponding imaginary quaternion,
and by a small letter with an arrow — the corresponding vector in R3:

O~ we~d, Q € s0(3), wel, & e R3.

The structure of this paper is as follows. In Section [I| we formulate the sub-Riemannian problem. In Section
we write down the Hamiltonian system of the Pontryagin maximum principle and integrate it. Periodic geodesics
are studied in Section Symmetries and necessary optimality conditions are given in Section In Section
almost-Riemannian structures on S? are defined and the connection with sub-Riemannian structures on SO(3) is
explained. Symmetries and bounds on the cut time in the family of almost-Riemannian problems are given in
Section [Gl

For the reader’s convenience we have summarized all necessary definitions and properties of the elliptic integrals
and Jacobi elliptic functions in Appendix B. The isomorphism between the space I of imaginary quaternions, R?
and so(3) is defined by in Appendix A, where the necessary information about the space of quaternions is
collected.

1 Statement of sub-Riemannian problem on SO(3)

Consider the Lie group SO(3) of rotations of the 3-dimensional space. We can define a left-invariant distribution
in two equivalent ways: as a kernel of a left-invariant one-form or as a linear span of two linearly independent
left-invariant vector fields RX;, RXs. Here X7, X5 are elements of the Lie algebra so(3) and R € SO(3). If the
distribution A is contact, then [X7, X5] ¢ A. One can define a left-invariant metric g on A by declaring X7, X»
orthonormal for g.

From the classification of left-invariant structures on 3D Lie groups [6] it follows that X; and X5 can be chosen
to satisfy the following structure equations:

(X2, X1] = X5, (X1, X3] = (K + x) X2, [X2, X3] = (x — k) X1, (3)

where kK € R, x > 0 are two differential invariants of the sub-Riemannian structure that satisfy x — x > 0 in the
case of SO(3). The scaling of the frame {X;, X2} scales proportionally the distance function and both invariants
x and x. Thus authors of [6] considered normalized structures for which x? + x? = 1. For further calculations in
this paper it is more suitable to use the normalization x + x = 1. Let also a € [0,1) be the invariant defined by
a = +/2x. Then all non-isometric sub-Riemannian structures on SO(3) are parameterized by a.

It is easily verified that the Lie algebra elements

X1 = Ag, X2 =V 1-— a2A1, X3 =V 1-— a2A3 (4)

satisfy the above structure equations. _
A Lipschitz continuous curve R : [0,T] — SO(3) is called horizontal if for a.e. ¢ € [0,7] we have R(t) € Agy).
The length of a horizontal curve is defined as usual:

T
Z(R):/O \/ g(R(t), R(t))dt.

Our goal is to find minimal horizontal curves that connect two given points Ry, R € SO(3). Since the problem
is left-invariant, we can assume that Ry is the identity element of SO(3). By the Cauchy-Shwartz inequality,
minimization of the sub-Riemannian length is equivalent to minimization of the action functional

1 / " SR, B()dt — min

2 Jo
with fixed T. Thus we can formulate the problem of finding minimal curves as an optimal control problem of the
form:

R = R(U1X1 + U2X2)7 R e SO(3), (ul,UQ) € Rz, (5)



R(0)=1d,  R(T) = Ry, (6)

T 2 2
/ Wdt — min, T is fixed. (7)
0

Since Ag + [A, Algr = TrSO(3), the system has full rank and is thus completely controllable. We can reduce
the given optimal control problem with a quadratic cost to a time optimal control problem with the same dynamics
, the same boundary conditions @, but with constraints u? +u3 < 1 and time minimization functional 7' — min
(see, for example, [24]). After that we can apply Filippov’s Theorem to establish existence of minimizing curves [27].

If @ = 0, then we get the Lagrange sub-Riemannian case, meaning that this sub-Riemannian metric is a limit
of Lagrange Riemannian metrics with I; = Iy = 1 and I3 — +o00. This case was completely studied in |15], where
the cut time for each trajectory was found, and in [16], where analytic expressions for the sub-Riemannian spheres
were given. In this particular case we have an additional rotational symmetry and a nice geometric interpretation:
the sub-Riemannian problem is just the isoperimetric problem on the sphere. In the rest of the article we assume
that a € (0, 1).

2 Parameterization of sub-Riemannian geodesics

Next we apply the Pontryagin maximum principle (PMP) to obtain a parameterization of geodesics, i.e., curves
whose short arcs are length minimizers. Let g* be the dual of Lie algebra g = so(3). We introduce the control-
dependent Hamiltonian of PMP:

v

2(u§+u§), pegt, v<O0.

Hu(p) = (p,ur X1 + upXo) +
Theorem 1 (Pontryagin maximum principle [27,[39]). If a pair (u(t), R:) is optimal, t € [0,T)], then there is a
Lipschitz curve p(t) € g* and v < 0 such that:
1. (p(t),v) #0,
: O0H
R - Rai,
2. 5r

5 = ad* T p:
p=a app

3. H(p) = max,egr2 Hy(p).

Here ad™(-) is the coadjoint representation of the Lie algebra g.
Since in the contact case there are no non-constant abnormal geodesics 6], we can assume that v = —1. The
maximized Hamiltonian of PMP is

X 2 X 2 2 2
H(p) = max H,(p) = 220 0 Xo) _ pi s
u€R? 2 2

with controls
up = (p, X1) = p1, ug = (p, X2) = pa.

Thus we have oH
o p1X1 + p2Xo.
P

It is easy to see that
0 0 —po(l—a?)

ad Z—H =10 0 P1
b P2 —p1 0
Then
0 0 —p(1—da?)
(1 P2 ps)=(p1 p2 p3)| 0 O P1

P2 —p1 0

and we get the following expression for the Hamiltonian system:

R = R(p1 X1 + paXo), (8)



D1 = P3p2,
D2 = —p3p1, 9)
Ps = a’p1po.

We will perform integration of the Hamiltonian system in three steps. First we integrate the vertical subsystem
@, since its right-hand side does not depend on the horizontal variables. After a simple change of variables
the vertical subsystem is transformed into the equations of mathematical pendulum for which explicit solution is
known. Next we rewrite the vertical subsystem in the so-called Lax form and use an Euler angles parameterization
for matrix R; to obtain expressions for two of three Euler angles without solving the corresponding differential
equations. Finally, we use all previous results to integrate the ODE for the last angle in terms of the elliptic integral
of the third kind.

Now we begin the first step. Consider extremal curves parameterized by arclength. In this case we have H = %
and we can express p; and py in the following way:

p1 = cosy, p2 = —siny. (10)

The vertical system @[) becomes
7/} = D3, ) 1
Py = — = sin 20 (1

2
where ¢ € S = R/27Z.

The cylinder H = % is divided into regions determined by the energy of the pendulum E = 2p3 — a? cos 2¢:
Ci={\e€C:FE¢c(~-d*ad)},
Co={\€C:FEc(a* +)},
Cs={AeC:E=d"ps+#0},
Cy={\e€C:E=—-d%},
Cs={\€C:FE=da*ps;=0}
We use different coordinates for different regions 28] (for definitions of the Jacobi elliptic functions see Appendix
B):

e Elliptic coordinates in C1:

siny = s1ksn (ad, k‘2) , s1 = sign (cos ),
costp = sy dn (ab, k2) , k€ (0,1),
ps = aken (ab, k?), 0 € [0,4K (k%) /al.

e Elliptic coordinates in Cs:

siny = s9sn (i? k2) , s9 = sign(c),
abd o
cost = cn ?,k , k€ (0,1),
p3 = % dn <C;f k2) : 0 € [0, 4kK (k?)/a).

e Elliptic coordinates in Cl:

siny = s15o tanh af,

cos ¢ = coshaf’
o Sa2a
b3 = oshab’
0 € (—o0, +00).



e Solution in Cy:

Y =mn,n €2,
p3=0.

e Solution in Cs:
IS —g +7mn,n € Z,
p3 =0.

For integration of the horizontal subsystem we follow a technique that is well known in the literature [29}31].
First we rewrite the vertical subsystem @[) in Lax form.
The Killing form Kill(-, ) allows us to identify a semisimple Lie algebra g with its dual g* via the isomorphism:

Kill: X — Kill(X,-) € g*
for any X € g. The biinvariance condition for the Killing form can be written in the following way:
Kill([Z,X],Y) + Kill(X,[Z,Y]) = 0.

0 Let ﬁ € g be a vector dual to p € g*. Take an arbitrary element A € g. Using the equality %—IZ =1 X1 +p2Xo =
, we obtain

Kill(L, 4) = (5, 4) = (ad"(@)p, 4) = (p, [, A]) = Kill(L, [2, 4]) = Kill([L, 0], 4).
Since the Killing form is non-degenerate and A € g is arbitrary, we have
OH .
) = d* —_— <f,> L = L Q .
p=ad 5P (L, 9]
This is the celebrated Lax equation [31].

The Killing form takes the simplest form in the basis A;. If X = z1 A1 +x2As+x3As3and Y = y1 A1 +y2 As+ys A3
then

3
, 1
mMXJU:fiuQY):Z;m%
Let ©* be the basis in g* dual to Xj, i.e.,
', X;) = dl, i,j=1,2,3.

The basis 7’ depends on v in the following way:

=l
nt =1 -a2v?
n® =+1-a25
Consequently, the Lax equation takes the form:
P2 : P3 P2 D3 -
\/17—7(12141 +p1A2 + mAg = mﬁh +p1A2 + \/17_7042143,])2 1-— a2A1 +p1A2 .

If we take P = v/1 — a2L, then P, Q is still a Lax pair:
P=1[P Q.

It is easy to check that
P, = R;'PyR;



is in fact a solution of the Lax equation. Using the isomorphism between so(3) and R? we can rewrite this solution
in the form

Py = Ry ' po. (12)
From this it follows that the length of p} is a conserved quantity. We denote its square by M = |p;|? = p3 + p3(1 —
a®) + pi.
In order to make use of we introduce a curve Dy € SO(3) such that

P = VMD; es.
Plugging this expression into we obtain
\/MDt_le;; = \/MR;lDo_leg = DORtDt_leg = e3.
From this it follows that DoR;D;* = 43 and
R; = Dy'e® Dy, (13)

If D, is determined, then after differentiating the last expression, we get a differential equation for «, which together
with D; determines a solution R;.
We use Euler angles to find such matrix D, explicitly:

_ ,P3A3 9241 ,01A3
D;=c¢ e e .

Since e~ ?343¢5 = e3, we can assume that ¢3 = 0. Then
P = ‘/M6_¢1A36_¢2A163.

Equivalently we have

cos¢p1  sing; O 1 0 0 0 P2
VM | —sin¢; cos¢p; O 0 cos¢y singsg 0] =|pi1v1l—a?
0 0 1 0 —sings cos oo 1 D3

As a result we obtain the following system:

V M sin ¢1 sin ¢o = pa,
VM cos ¢1 sin ¢y = p1V/1 — a2,

VM cos ¢ = ps;
from which we get expressions for the components of D;:
pP3
CoS ¢y = ,
P2 Wi
. M —p3
sin ¢o = Mp3 , (14)
p1v1—a?
cos p; = ——,
M —p3
. P2
S @ =
’ M —p3

Finally, we are able to find . We redefine o = ¢p3 and consider again expression . Let R, = DoR;. Then

Ré — 6¢>3A3Dt — P33 0241 0145

gives a parameterization of R} in terms of Euler angles. Since the whole problem is left-invariant and Dy is constant

along each geodesic, we have:
dR;
dtt = R; (pg V 1-— CL2A1 —|—p1A2) .




After plugging R, = DgR; in the equations above we get
paV/1— a2 Ay +prds = (R) 'R, = dged14se 0241 ggebzdiohids 4 o omd1ds 400145 L ) Ay,
The equivalent vector equality is
p2V/1 — a%e; + prey = d3(sin éy sin daer + cos 1 sin gaea + cos does) + da(cos prer — sin pres) + re,
and we get a system of equations
3 sin ¢y sin Gy + o cos 1 = pa/1 — a2,

3 cO8 1 Sin o — P sin gy = pi,
3 cos ¢a + 1 = 0.

From the first two equations we get

(ﬁg sin g = paV/ 1 — a?sin ¢y + p1 cos ¢1.

If we use expressions for cos ¢y, sin ¢; and sin ¢, we obtain a differential equation for ¢s :

M —p3 . Vi—a? , 5 . VM1 —a?) /M1 -a?)
+ =+ + <~ = = . 15
M ¢3 i p% (pz p1) ®s3 M — p2 1—a2p? (15)

We recall that the geodesics will be parameterized in the form R, = e~ ?1(0)4se=02(0)A1 0343 pd241 00143 Then

p1(0)vV1-a? p2(0) 0 1 0 0

- - — i 0
ro| T hok (|l mw o EEE | (G0 S
=1 M
VM—p3(02  /M—p3(0) 0 —./M=pa(0)? ps(0) 0 0 1
0 0 1 M VM
1 0 0 ;7\1/\/1%2 _\/m 0
— M —p2 M —p?
SR VAT | IR = (1)
M—p3 P3 \/M 75 \/M—p§

where ¢3 satisfies . Since Ry = Id we have ¢3(0) = 0.
Now we compute M:

1. In C; we have:

M = k?sn?(ab) + (1 — a2) dn?(ab) + a?k% cn®(ab) = 1 — a®(1 — k2).

2. In CQZ , , , ,
a E*+a*(1—k
M = su(a8) + (1 - a?) cn*(af) + 1 dn®(af) = %
3. In Cs: )
2 .
M = tanh®(a0) + (1 —a?)— 4 0 s @)+1_,
cosh”(afl)  cosh®(af) cosh”(ad)
4. In C4Z
M=1-d%
5. In 052
M =1.

We summarize all obtained results in Table [Il
To get a full parameterization of geodesics, we only need to integrate . We perform the integration separately
for different regions C;. For the definition of elliptic integral of the third kind II(n; ¢, m) see Appendix B.



Table 1: Energy bounds, expressions for p; and values of M for different regions

Region E;f;%}; Expressions for p; Value of M
p1 = s1dn(ab),
Ch (—a?,a?) p2 = —s1ksn(af), 1—a?(1—k?)
ps = ak cn(ab)
p1 = cn(ad/k), 2 2 2
Cs (a%, +00) p2 = —sosn(ab/k), k:—l—a—(21—k)
p3 = asy dn(ab/k)/k k
p1 = s1/ cosh(ah),
Cs {a®},p3 #0 | pa = —s15; tanh(ad), 1
p3 = saa/ cosh(ab)
pr=(=1)",
Cy {—a?} p2 =0, 1—a?
p3 =0
p1 =0,
Cs {a®},p3 =0 p2 = (=1)", 1
p3 =0

1. Integration in Ci:

bs = VM1 —a?) VM(1—a?) /
° 1—a21+“kzsn2a9)

1—a2dn2(a0) 1 —a?(1 — k?sn?(ad))

\/:/0 1+ 2Sn2 7‘+90 \/r/a% 14 akQ sn? o
1—a?(1-k?) a’k?
e (0 (G emten) -~ (G ) ).

2. Integration in Co:

VM —a?) VM1 = a?)

¢3 = = =/ .
1—a2cn2(c;f) 1—a2(1 Sn2( )) 1—a21+ a? SHQ(C;f)

1a2

/ / /* da
1—a? Jo 14 5 gsn2( 90+T 1—a2 1+ 125 sn?a
k2 4+ a2(1 — k2) a? af a? afy

a?(1 —a?) E 21"\ % —1 21"\ % '

3. Integration in Cls:

. M(1 — a2 — g2 2
¢3:\/ (1 2a):\/M(l 2a)cosh((w): M=) |1 1
4 cosh” af — a?

__a? 1
cosh?(af) 1-— ? COSh2 (a@)

We compute the following integral:
t dr 1 ad da
B I T PR U
01— cosh a(t + 0p) @b 1 — — cosh”
a? a

10




After the change of variable tanh o = y we get da =

1 [ da
T a 1
ado 1 — — cosh” a
a

tanh a

1 tanh a6 dy 1 tanh a6 dy 1 ay
= _7/ = —/ o = arctan ———
@ Jtanh a6y (1-9?) (1 o ﬁ) @ Jsanhabo Y + a? Vi-a? v1-—a? tanh afy

As a result we obtain

a a
¢3=+V1—at+ (arctan ( tanhaf | — arctan | ——=tanhaby | | .
V1—a? V1—a?

4. Integration in Cy:
M(1—a?) M(1 - a?)

b — = =1 = =t.
¢3 1 — a? cos?(mn) 1—a? ¢3

5. Integration in Cs:

b3 = VM(1~a?) =vVM1—-a?)=+v1-0a®> = ¢3=+1-—at

1 — a2 cos? (g + 7rn)

From the parameterization it follows that geodesics which correspond to regions Cy and C5 are uniform rotations
around ej or es.

At the end of this section we would like to discuss how to obtain a parameterization of sub-Riemannian geodesics
on S3, which is a double cover of SO(3). Consider a family of sub-Riemannian structures (53, A’, g’) where

A’ = span{ X7, X5}, X =3j/2, X} = mi/z
and
g(Xl/ﬂXrIn) = im, Im=1,2.

Since X satisfy (3)), the sub-Riemannian manifolds (53, A’,¢’) and (SO(3), A, g) are locally isometric. The
parameterization of sub-Riemannian geodesics on S? can be obtained in the same way as in SO(3). The Hamiltonian
system of PMP for the sub-Riemannian problem on S? is

i = L(p1j + p2v/1— a2i), (17)

2
D1 = D2p3,
P2 = —p1Ps,
P3 = a’popr;

The horizontal subsystem can be integrated by following the same approach as previously discussed by simply
rewriting all expressions in quaternion language using isomorphism between so(3), R? and 1. As a result we get a

parameterization
_¢1(0)
q(t) = qoe” 2

_ 020 Ga(y B2(0); S0,

ke e e (18)

(), 1) . :
where e %71, ™27k are quaternions that correspond to rotations e?2()41, ¢#1(H4s anq @1(t), P2(t) and ¢3(t) are

exactly the same as in , .

In the next section we will use this parameterization of sub-Riemannian geodesics on SO(3) and S® to study
periodic geodesics on SO(3).
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3 Periodic geodesics on SO(3)

In this section we describe periodic geodesics of the sub-Riemannian problems on SO(3) and study their topological
properties.
First we prove the following lemma.

Lemma 2. Consider the following functions:

21 _ 12 272
Gy (a.k) = 1-a?(1 k)H(ak 'k2>,

a?(1 — a?) a?—1’
k? +a?(1 — k?) a? 9
Gg(a,k‘): a2(1_a2) H(az—l;k>.

where Il(n; k) is the complete elliptic integral of the third kind (see Appendiz B for the definition).
For any fized a € (0,1) the functions G1(a, k) and Ga(a, k) are positive, smooth and increasing on the interval
k €10,1). Their limit values at k =0 and k =1 are

. ™ .

RGO =5 B Gl ) = e
. _ T . _ .
]11_>Ino G2(aa k) - 97 kgrlrio GQ(av k) = +00;

Proof. The smoothness property follows form the fact that G;(a,k) is a product of two smooth functions when
k €[0,1). We can differentiate G2(a, k) with respect to k using formula (61)):

0 kE(k?
%Gg(a,k’) = ( ) -
21— k) iy 4 B

1—a?

This expression is non-negative and equal to zero only if ¥ = 0. Thus the function G3(a, k) is increasing for k € [0,1).
For k = 0 we have

Ga(a,0) = g

It follows that Gz(a, k) is positive.
Using formulas and we obtain an expression for the derivative of G1(a, k) with respect to k:

oG, _ E(k?) - (1- kK (k?) (19)

ok a2k(1 — k2) /a% +71522 .

We want to show that 0G1/0k > 0, k € (0,1). First differentiate the numerator of fraction with respect to k:

0

%(E(lﬁ) ~(1-kKHK(k?*) =kK(k*) >0, 0<k<1.

Since the denominator of is positive for any k € (0,1), and the derivative of the numerator is positive, it is
enough to show that the limit of 0G1/0k when k — 0 is non-negative. Using the asymptotic expansions and

for K(k?) and E(k?) we get

k2 4ok?)

Therefore G1(a, k) is increasing at the interval k € [0,1) for any a € (0,1).

For &k = 0 we have

G1(a,0) = %

Then G4 (a, k) is positive for a € (0,1),k € [0,1).
From the definition of the elliptic integral of the third kind it follows that for a € (0,1)

K(k? K(k?
Grak)> ZEL Gy = KL
1= agfl 1- azafl
and from we have, that K (k?) — +o0o when k — 1 — 0. Therefore G1(a, k) — +o0 and Ga(a, k) — +o0o when
E—1-0. O
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Proposition 3. For family f of sub-Riemannian problems on SO(3) for any value of a € (0,1) there exists
an infinite number of periodic geodesics.

Proof. If a geodesic is periodic, then the covector p; must be periodic as well with some period 7. In the domains
C1 and Cy the period T is equal to 4K (k?)/a and 4k K (k?)/a correspondingly. Thus the period of a closed extremal
curve must be equal to mT, m € N. From this it follows that e?1(mT)A4s — ¢¢1(0)As  gd2(mT)A1 — £62(0)41 ap( from
we get e?3(mT)4s — Id. This is equivalent to ¢3(mT) = 27n. Since ¢3 > 0, we have n € N.

Now we consider geodesics for which p; € C;. From the addition formulas and we get

1—a?(1—k?) a’k? Tn
¢3(mT) = 2mn a?(1 —a?) (a2—1’ ) 2m

Different irreducible fractions n/m € Q4 correspond to different periodic geodesics and the existence of an infinite
number of periodic geodesics is reduced to the problem of finding solutions to the equations
T n
Gi(a, k) = m (20)
By Lemma the function G4 (a, k) is continuous, increasing and for any fixed a € (0, 1) its image is the half-interval
[7/(2a),4+00). Therefore for every irreducible fraction n/m € Q4 that satisfies

n
— >

- (21)

IS

there exists a unique solution of . It is obvious that the number of fractions n/m € Q4 that satisfy this
condition is infinite, thus the existence of an infinite number of closed geodesics follows.

Using exactly the same argument we prove that there is an infinite number of periodic geodesics such that the
corresponding covector p; € Cs and the following condition is satisfied:

n
— > 1. 22
> (22)

If p; € C5 then the initial covector py € Cy of the corresponding extremal can be determined from the equation

Galak) = 5. (23)
O

Apart from the periodic geodesics found in C; and Cs, there are periodic geodesics that correspond to points
in Cy and C5. In this case extremal trajectories are just rotations around e; and e;. There are no other periodic
geodesics on SO(3). In fact, for extremal trajectories from Cj the curve p; is never periodic, and periodic geodesics
from C7 and Cs are completely described by conditions and .

Since 1 (SO(3)) = Z/27Z there are only two homotopy classes of closed paths in SO(3), and as consequence all
non-contractible loops are homotopic. Next we determine which periodic geodesics are null-homotopic. It is well
known that a rotation around a fixed vector by 27 is not contractible in SO(3), but a rotation by 4 is [32]. Thus
it is natural to study contractability of loops on SO(3) when they close up after the first period.

We need two following theorems:

Theorem 4. [34] Let p: X — B be a covering map and xg € X,by € B be such points that p(xzg) = bg. For any
path, i.e., any continuous curve v : [0,1] — B, that starts at by, there exists a unique path 7 : [0,1] — X that starts
at xo and such that v =po5. The curve 7 is called the covering path for .

Theorem 5. [35] Let p: X — B be a covering map where X is the universal cover of B. A closed continuous
curve v : [0,1] = B is null-homotopic if and only if all its covering paths on X are closed.

These theorems allow us to find null-homotopic geodesics on SO(3) by studying their covering paths on its
universal cover S3.

Proposition 6. Consider a periodic geodesic Ry € SO(3) that corresponds to a covector curve in C1 or Ca, and
which is determined by its fraction n/m € Q, satisfying conditions (21) or (22). Then the geodesic Ry is null-
homotopic if and only if n is even. All trajectories corresponding to Cy and Cs are non-contractible.
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Figure 1: Projections of periodic geodesics on S? with p; € Cy and p; € Cs.

Proof. Lifted sub-Riemannian geodesics of (SO(3), A, g) are exactly the corresponding sub-Riemannian geodesics
on (S3,A’, ¢’). From Theorem [l it follows that only geodesics on S* can be covering paths of geodesics from SO(3),
and from Theorem [5| we know that a geodesic on SO(3) is null-homotopic if and only if all corresponding geodesics
on S? are closed.

Every geodesic on SO(3) has a pair of covering paths on S3 that satisfy ¢(0) = 41 but since the sub-Riemannian
structure on S? is left-invariant, these trajectories belong to the same homotopy class. Thus we can assume that
q(0) =1.

Consider first periodic geodesics on SO(3) that correspond to regions C; and Cy and let us prove that the
covering geodesics are periodic only for even n. In fact, for periodic geodesics on SO(3) we have ¢3(mT) = 27n.
Therefore

m T T
e%%k = 008% + ksin% =cosmn + ksinmn = (—=1)".

Since ¢1(mT) = ¢1(0) and ¢2(mT) = ¢2(0), we get from

_ </>12(0) ke_ ¢’22(0) ie ¢3(;'LT) ke ¢2(;nT) ie ¢1(;’LT) k _

g(mT) =e (=)™

Consequently, if n is even, then the corresponding trajectory on S? is closed and its projection to SO(3) is null-

homotopic. If this is not the case, then the covering geodesic is not closed and its projection is not contractible.
Since trajectories corresponding to Cy and Cjy are just uniform rotations around vectors e; and e they are not

contractible. 0O

Thus we have described all periodic sub-Riemannian geodesics on SO(3) and classified them into two different
homotopy classes.

4 Symmetries of the Hamiltonian system

A point @ € SO(3) is called a Maxwell point for a sub-Riemannian problem on SO(3), if there exist two distinct
geodesics of the same length joining Id with Q.

It is well known that in an analytic sub-Riemannians problem after such a point both geodesics are no longer
optimal [24]. The goal of this section is to obtain some characterization of the Maxwell sets for problem —.
This can be done via a symmetry approach that was successfully applied in [24]. We begin by looking for some
symmetries of the exponential mapping. It is natural to expect that the fixed points of these symmetries are Maxwell
points.

We recall that the exponential mapping Exp : C' x Ry — SO(3) sends a covector p € C = {p € g* : H(p) = 1/2}
and a instant of time ¢ to the end point of the corresponding geodesic. A pair of mappings ¢ : C x Ry — C' x Ry

14



Ps ‘

Figure 2: Discrete symmetries in the preimage of the exponential map

and €’ : SO(3) — SO(3) is called a symmetry of the exponential map, if the following diagram is commutative:

C xRy —2%4 S0(3)
C xRy —2%4 S0(3)

We can construct some symmetries of the exponential map from the symmetries of the Hamiltonian system
—@. We start with the vertical subsystem @D that has the following symmetries:

el (p1(s), p2(5),p3(s)) = (p1(t — s), —pa2(t — ), p3(t — 5)),
%1 (p1(s),p2(s),p3(s)) — (p1(t — s),p2(t — 5), —ps(t — 3)),
%1 (p1(s),pa(s),p3(s)) = (p1(5), —p2(s), —p3(s)),

et (p1(5),p2(5),p3(5)) = (=p1(s), —p2(s),p3(s)),

%1 (p1(s), p2(s), p3(s)) = (—p1(t — ), pa(t — ), ps(t — s)),

€% (p1(s),p2(s), ps(s)) = (—p1(t — 5), —p2(t — ), —ps(t — 5)),
"1 (p1(s), p2(s),p3(s)) = (—p1(s), pa(s), —ps(s)).

In the phase space of the mathematical pendulum these symmetries are just reflections as it is shown in Figure
2. The variable 1) corresponds to an angle on the (p1, p2)-plane as it can be seen from .
The angular velocity matrix has the form

0 0 p1(8)
Q, = 0 0 V1 —a?pa(s)

—p1(s) —v1—a’pa(s) 0

Under the action of €% the components of Qs = QLA; + Q2A; + Q3 A3 are transformed as follows:

el (9, 92,0) = (-0, Q7. 0),

e?: (0, 92,0) = (4, Q7. 0),

e 1 (5, 95,0) = (—9,,92,0),

et (92,,93,0) = (=94, —02,0), (24)
e (9, 92,0) = (Y, 07, 0),

e (9, 92,0) = (—9Q4_,, —97_,,0),

e (Q,02,0) = (21, -02,0).

By using the matrices I; = ™, it is easy to check that the action of the symmetries can be written in the
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following form:

el Qs —L Y],
£2:Q  —I3Q_ I3,
e3: Q= LI,
et Q- 130,15,
e 0y LY I,
e Qg = —Qy_g,
" Q= L0

Taking into account that I? = Id one can show that the mappings defined below are symmetries of the horizontal
part of the Hamiltonian system:

el Ry LR 'Ry oI,
e Ry IRy 'Ry I3,
€3 Ry = LRIy,

e': Ry = I3R, I3,

€5 Ry LR, 'Ry Iy,
e5: Ry Ry'Ry_,

e’ Rs— IL R 1.

The action of €% in the preimage of the exponential map is defined as:

el (t,p1(0), p2(0), p3(0)) = (£, p1(t), —pa(t), p3(t)),

2+ (t,p1(0), p2(0), p3(0)) = (£, p1(t), pa(t), —ps(t)),

e?: (t,p1(0),p2(0), p3(0)) = (£, p1(0), —p2(0), —p3(0)),
et (t,p1(0),p2(0), p3(0)) = (¢, —p1(0), —p2(0), p3(0)),
e”: (t,p1(0),p2(0), p3(0)) = (£, —p1(t), p2(t), ps(t)),

g% (t,p1(0),p2(0), p3(0)) = (¢, —p1(t), —pa(t), —ps(t)),
" (t,p1(0), p2(0), p3(0)) — (t, —p1(0), p2(0), —p3(0))

The action of €% in the image of the exponential map is defined as:

e' Ry — LRI,
e2: Ry — I3R; I,
€3 Ry — LRI,

et Ry — I3R, I,

€% Ry — LRIy,
SR, — R,

e": Ry LI RI.

Using these definitions it is easy to check that £’ are symmetries of the exponential map.

We note that if €'(pg) = po then the corresponding geodesic is mapped to itself. The next proposition gives
necessary and sufficient conditions for this to happen.

Proposition 7. Let p; be a solution of @, 0; be the "angle” parameter of the Hamiltonian system for the math-
ematical pendulum (11]) and a € (0,1). And let 7(t,6p) and £(t,00) be functions defined as follows:

T+E&=a(t+0y),
T —& = aby.

Then the following statements are true:
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snT =0, pgeCiUCy;
TZO? p0603;

2.
ent =0, € Cy;
52(?0) =po . . bo !
is impossible for pg € Co U Cls;
3.
cnt =0, po € Co;
Spo)=po = ¢ . . .
1s impossible for pg € C1 U Cs;
4.

€' (po) = po is impossible for i = 3,4,6,7 and py € C; UCy U Cs.

Proof. Tt is clear from the description of the symmetries that (pg) = po is impossible for i = 3,4,7 and arbitrary
po. The remaining statements are proved very similarly, so we prove just the second one. We have

pi(t) = p1(0),
Ez(ps) =Ds p2(t) = pQ(O)a
ps(t) = —p3(0).

In 4 from the parameterization of the extremals we get an equivalent system:

dn(7 +¢) = dn(r — &),
sn(r + &) =sn(r — &),
cn(r + &) = —cen(r — §).

Using equations — it is easy to see that a solution of this system satisfies cn7 = 0.
If pr € Cy or p; € Cs then sign(ps(t)) = sign(ps(0)) for all ¢ > 0. So it is clear that in this case the equation
p3(t) = —p3(0) has no solutions. O

Next we prove the main result of this section.

Theorem 8. Assume that R, € SO(3), s € [0,t] is a geodesic and q, € S is its corresponding quaternion curve.
Then R is not optimal if for some instant of time sq € (0,t) one of the following conditions is satisfied:

1. qSDZO;

2. qion and snT #0 if pg € C1UCy or 7 # 0 if pg € Cs;
3. qfo =0 and ecnt #0 if pg € Cy;

4. q3, =0 and ent # 0 if po € Co.

Proof. In view of Proposition [7| and the definition of Maxwell points we only need to show that fixed points of gt
in the image of the exponential map satisfy ¢* = 0.
For the end-point of the geodesic Rs we have
e Ry~ LRI,
e2: Ry — 3R, I3,
e Ry LRI,
et Ry = 3R I3,
e Ry = LRIy,
5 Ry — R,
e" Ry LIRI.
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Consider first the symmetries ¢’ with i = 1,2,5, 6:

e LRy =Ry, el (Rh)? = 1d,
e2: I3R;'Is = Ry, N e2: (RyI3)? = 1d,
5 LRI, = Ry, 5 (Re2)? =1d,
56 . R;l e Rt; 66 : (Rt)2 =1Id
The corresponding quaternion relations are
o1, [ Relari) =0, o[ a@=0,
| qi = =£1; | qt = £
el: (qui)? = £1, 2 Re(qik) =0, 2 q =0,
e (quk)? =£1, | ak =1 N o=k
55 : <Qt.])2 = i17 55 . RG(Qt]) = 0) 55 . qt2 = 07
%1 (qr)? = +£1, VEESE | @ = =£J;
&,7 . Re(qt) = 07 57 . Q(t) = 07
_qt:il, _qt:il.
For the remaining symmetries we have:
53 : IQRtIQ = Rt, 63 : Rtlg = IgRt,
et IsR:I3 = Ry, = et Ril3 = I3R,,
e’ 1R\ = Ry; "R, = 1LiR;.
The corresponding quaternion relations are
&% qij = +jar, e qlj +aik — @ — @i = £(¢ij — ak — af + /),
et gk =tkq, = i@k -qi+aii—¢ =@kt qi-Gi-q), =
e’ qui = gy, €T qli —qf —aik +a}j = (¢ — ¢t + Gk — ¢i);
o [ak—gti=o,
qgj - qu =0;
q;t —q;3 =0,
= ¢t
0k — g} =0;
57: qgijtzk:()a
qti —qf =0.

All the equations that are different from ¢f = 0 include them as a subsystem. Thus all fixed points of €° in the
image of the exponential map satisfy ¢’ = 0.
O

We complete this section by discussing the geometric meaning of the symmetries £’ in the image of the exponential
map. It easy to see that discrete symmetries €’ form a finite group Z?2 x Z?2 x Z2. So it is enough to discuss the
meaning of some generators of this group, for example, €2, e* and £°.

Now we look at SO(3) as a unit frame bundle of S2. We can identify an element of SO(3) with a point on the
sphere and a tangent vector at this point. If R € SO(3), its projection on the sphere is simply given by R — Re;.

Let Re; = xe; + yeg + zes. It is easy to verify by hand that the symmetries € and £* are just reflections with
respect to the plane y = 0 and the plane z = 0. These symmetries are shown in Figure [3] Dashed curves are the
reflected curves.

Next we assume that R;e; # te;. The curve e%(R;)e; is up to some rotation a reflection of the curve Rse; with
respect to the center of the chord joining e; with Rie;. By a chord we mean a short arc of the unique great circle
that passes through these two points.

Write down an analytical expression for this reflection of a curve Rge; in terms of quaternions. The centeral
point of the chord has coordinates
oo e1 + Rieq
llex + Reea |
We can rewrite this in quaternion notations:

= Z+thqt_1
i + quig; ||
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(a) (b)
Figure 3: Action of discrete symmetries on S2: [@] action of £3; action of 4
Next we reverse the direction of time on the geodesic ¢s — ¢:—s and rotate qt,siq;_ls around ¢ by angle w. In this
way we get an expression for the reflection with respect to the middle point of the considered chord:

(i + qrigy V) qr—sigqr (i + qrig; )
ler + qrerq; |2

s =

Now consider an Euler angle parameterization of Ry:

RS — eag(S)Al BQQ(S)Ageal(S)Al .

Note that «;(s) are different from ¢;(s) introduced earlier. The claim is that

ag(t)+ay(t)—m)i/2 —(ag(t)—i-al(t)—‘n')i/Q. (25)

as = e a; "q-sig;qre

Here e(@s()+a1(t)=m)i/2 i 5 quaternion, that corresponds to a rotation around e; on angle as(t)+aq(t)—m. Equation
can be verified directly by lengthy computations involving trigonometric functions.
So we have found discrete symmetries of the exponential map and obtained some necessary optimality conditions.

5 Almost-Riemannian geodesics on S?

In the second part of this article we apply the same symmetry approach to study optimality of almost-Riemannian
geodesics. We give some new necessary optimality conditions and bounds on the cut time.
Consider two vector fields on S? embedded into R3:

X1(¥) =79 x ea, X2(¥) = V1 —a?q x ey, '7'652:{:1061&3 x| =1},

where @ x b is the usual cross product between vectors @ and b. These vector fields span a rank varying distribution
A on 52, Assume also that X;(5) and X»() are orthonormal. In this case S2 is endowed with a structure of an
almost-Riemannian manifold. Let ¥ = xe; 4+ yea + zes. The set of points where rank A,y =1 is called the singular
set S and in coordinates S = {y € R®: |§| = 1,2 = 0}.

The problem of finding minimal trajectories for the almost-Riemannian structure on S? can be formulated as

an optimal control problem on a sphere:
(26)

&L

¥ =79 x
7,6 € R3, 17l =1, @ = ugsv/1 —a?e; + ujes, (27)

)
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Figure 4: Action of €% in the image of the exponential map

T
/ \/ud + u3dt — min. (29)
0
A solution of is
Fi = Ry o, (30)

where R, € SO(3) satisfies the following differential equation:
R=RQ,  R(0)=Id,

and Q € s0(3) is isomorphic to & € R3. The matrix R; is an operator that maps coordinates of a vector in a moving
frame to coordinates in the stationary frame.
Optimal control problem can be lifted in a natural way to SO(3):

R=RQ= R(usV1 —a2?A; 4+ ui Asy), (31)
R € S0(3), Q € s0(3), (32)
R(0) =X, R(T) =X Ry, (33)

T
/ \/u? + u3dt — min. (34)
0

where 3 € [0,27), X, € so(3) is isomorphic to o € R3, Ry € SO(3) is an arbitrary special orthogonal matrix, s.t.
Jr = R, €7%0 is the matrix that corresponds to the rotation by angle 8 around the initial vector 7. As a
result we get an optimal transfer problem between the manifolds e?*0 and e#XoRy.

Let Lr : SO(3) — SO(3) be the left shift

Ly : g~ Rg, g € SO(3),
let p; € g* be a solution of @) and let A, € T, SO(3) defined by the relation
At = (AL " pe-

Here dLp : s0(3) — Tk SO(3) is just the differential of the left shift Lp. Extremal trajectories in problem (31)-(34)
are sub-Riemannian geodesics on (SO(3), A, g) that satisfy the transversality conditions

(Ao, T (%)) =0,  (Ap,T (e’ Ry)) =0.
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From left-invariance of the problem it follows that it is sufficient to impose transversality conditions only at the
identity element (see |36] or [27]):
<pQ,X()> = 0 (35)

Using the isomorphism between so(3) and R we can write this in the form

(Po,Yo) = —sintpoxo + cosoyo Vv 1 — a? + p3(0)zo = 0.

Thus we can use the parameterization of sub-Riemannian geodesics on SO(3) given in Section [2| to obtain a full
paramaterization of almost-Riemannian geodesics on S?. Given an initial point 7y, any almost-Riemannian geodesic
starting from 7y is parameterized as ¥, = R, 15y, where R, is a sub-Riemannian geodesic that satisfies the transver-
sality conditions .

6 Symmetries of the almost-Riemannian problem on S?
Now we consider symmetries in the otpimal control problem — on the sphere. In the previous section we have

seen that almost-Riemannian geodesics on S? are projections of sub-Riemannian geodesics on SO(3) that satisfy
transversality conditions. From this we get a system of equations for almost-Riemannian geodesics

F=9xd, (36)
=19 x, (37)
(Po,%0) =0

where & = pieg + p2v'1 — a2e;. The second equation is just the Lax equation from Section [2 rewritten in R® using
the isomorphism between the three-dimensional Euclidean space and so(3) (see Appendix B).
Next we prove the following theorem.

Theorem 9. If the initial point of an almost-Riemanian geodesic Vs = xse1 + ysea + zses satisfies g =0, yo =0
or zg = 0 and for some instant of time 7 > 0 we have x =0, y, =0 or z, = 0 correspondingly, then for allt > T
the geodesic 75, s € [0,t] is not optimal.

Proof. Since the vertical subsystem is the same as in the sub-Riemannian case, we consider symmetries ¢°.
From the action of £* on Q; (see ) it follows that the angular velocity vector &y is transformed in one of two
following ways:

Wy > —1;Wy_s,
(,Us — Ij(ﬁs.

This allows us to find symmetries of the horizontal part . It is easy to check that the following mappings are

symmetries of system ,:

1. ﬁs = _IQﬁtfm
' '?s = iIl'?tfsv

ﬁs — _ISﬁtfsa
'Vs = iIS'?tfsv

ﬁs — Ilﬁsv
’75 — :l:]g’?s,

4 . ﬁs — 13587
° { '79 — 113'79, (41)

ﬁs — _Ilﬁtfm

5
e’ g i 42
Vs = il?'yt—sv ( )
6 ﬁs = _ﬁtfsv
€19 - 43
Vs = :t’7t757 ( )
e7 - ]is = Iops, (44)

Ys > iIl’?s'
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We note that each £’ represents two symmetries of the Hamiltonian system —7 which are characterized by
different signs. If these symmetries are also symmetries of the exponential map in an almost-Riemannian problem on
52, then they have to satisfy two extra conditions. First, they must be consistent with the transversality conditions.

This is true for all of seven discrete symmetries. In fact, for example, for ,, we have
{Ljpo, £1%) = £{Po, Vo) = 0.

Secondly, these symmetries must preserve the initial point of a geodesic. It turns out that the second condition is
not always satisfied.
We write down explicitly the action of the symmetries on S2:

e 1 (@5, Yss 25) 2 E(—Ties, Yt—s, 2t—s),
€% (s, Ys» 25) > E(Tp—s, Yr—s, —2t—s);
€% (25,5, 25) = (=5, Y5, —25),

et (25,5, 25) = (=5, —Ys, 2),

% ¢ (Ts, Yss 25) > £(Timsy —VYimss 2t—s)s
€01 (@6, Ys 25) > F(Tems, Yross Z1—s),
€71 (T6,Ys, 2s) — (s, —Ys, —24)-

Now we find for which sets on S? the symmetries ¢, i = 3,4, 7, leave the initial points of extremal trajectories
fixed:

63 . ’70 = :‘:12’?0, 63 L Tpeq + Yo€2 + Zp0€3 = :|:(7.Z’061 =+ Yo€a — 2063),
et 1 Yo = £1370, = et zoer + yoea + 20e3 = £(—x0e1 — Yoe2 + z0€3), =
e Y = £ ; e”: moer + yoe2 + 20e3 = £(zoe1 — yoea — zo€3);
3 Yo = 07
el
yo = £1;
a.] 20=0,
= et T
7. | ©o=0,
0l gy = £1

To prove the statement of the theorem we construct the symmetries of the exponential map in the almost-
Riemannian case similarly to the sub-Riemannian case.

53 : (tvﬁo) — (t7llﬁ0)7 53 : ’715 — :l:IQ’Vtv
et (t,p0) = (t, Ispo), et q, - £19,,
57 : <t7ﬁ0) = (taIQﬁO); 57 : ’7,5 — ill’?t-

From Proposition [7| we know that symmetries €?, i = 3,4, 7, have no fixed points in the preimage. Any fixed
point in the image must satisfy z = 0, y = 0 or z = 0 and from this the proof follows.
A list of symmetries and Maxwell sets is given in Tables [2] and

Table 2: Symmetries and corresponding Maxwell sets, part 1

Set xOZO yOZO ZO:O
N N pyv1—a? pax 5
Initial conditions | p3 = —————— | p3=——"— | p2x + p1yv1—a?* =0
Symmetries e’ 3 e?
Maxwell sets z, =0 Yy =0 ze =10

In articles [21}/22] some similar results were obtained.
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Table 3: Symmetries and corresponding Maxwell sets, part 11

Set o = +1 Yo = +1 20 = +1
Initial
conditions p2 =0 p1=0 ps =0
Symmetries 3 et g7 3 et g7 e e* g7
Maxwell . _ Yy =0 2z =0 _ o . Yy =0 _
sets yt—O zt—O ZtZO ZtZO zt—O IIL’t—O yt—O tho £Et—0

Theorem 10 ( [22]). 1. The Gaussian curvature is negative on S?/S for all a € [0,1).
2. If 5y € S then S\ {7} is the cut locus.
3. The geodesic flow has two reflection symmetries: with respect to S and with respect to the plane x = 0.

First of all, we note that even if the Gaussian curvature is negative everywhere, where it is defined, a geodesic
still can have conjugate points if it crosses S [37]. That is why this argument allows to find the cut locus only for
points on S. Nevertheless any geodesic segment that does not cross the singular set is optimal.

Secondly, since symmetries — are consistent with the transversality conditions, all seven of them are
symmetries of the geodesic flow. But they are symmetries of the exponential map only if they preserve the initial
point.

Using formula one can obtain equations, from which we can find Maxwell times. For all symmetries these
expressions have the form

By(t) sin ¢3(t) + Be(t) cos ¢3(t) = 0,
where B;(t), B.(t) are coefficients that depend on the initial point 4y and pj:

1. 29 = £1, equation y; = 0:
1 — aps(t)p1 (1) sin ds(t) + VMpa(t) cos ¢s(t) = 0;
2. xg = £1, equation z; = 0:
sin g5 (t) = 0;
3. yo = £1, equation z; = 0:
—p3(t)p2(t) sin 3 (t) + /M (1 — a?)p1(¢) cos ¢3(t) = 0;
4. yo = £1, equation z; = O:
sin ¢5(t) = 0;
5. zp = =1, equation x; = 0:
M (1 = a?)p1(t) sin ¢s(t) + ps(t)pa(t) cos ¢3(t) = 0;
6. zp = 1, equation y; = 0:
VMpy(t) sin ¢3(t) — /1 — a2ps(t)p1 (t) cos ¢s(t) = 0;
7. zo = 0, equation z; = 0:
sin g5 (t) = 0;
8. yo = 0, equation y; = 0:

(Mzopa(t) — (1 — a®)zops(t)p1(0)p1 (t)) sin p(t)
~V1-aavVM (zop3(t)p1(t) + xop1(0)p2(t)) cos 3(t) = 0;
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9. o = 0, equation z; = 0:

VM (V1 — a?yop1(t)p2(0) + zops(t)p2(t)) sin ¢3(t)
+ (yops (p2(0)pa(t) — MV/T = a®z0pa (1)) cos g(t) = 0.
In the expressions above we already used transversality conditions and canceled all non-zero multipliers.

Theorem [I0] states that if 7y € S then the cut time is the first instant of time ¢ when ¥; € S. From the equations
above it follows that the instant of time ¢ satisfies sin ¢3(t) = 0.

Proposition 11. The equation sin ¢3(t) = 0 has positive solutions and the first positive root t satisfies the following
mequalities:

1. In region Cy: tg < 2K (k?)/a;

2. In region Cy: tg < 2kK (k?)/a;
3. In region Cs: tg < w/m;
4. In region Cy: tog =7;

5. In region Cs: tg = 7/v/1 — a2.

Proof. The function ¢3(t) is a monotone increasing function of ¢, which follows from the expression for q§3.
Since ¢3(0) = 0, the first positive root of sin ¢3 = 0 must satisfy ¢35 = .
By using formula in the region C; we get:

2K(k?)\  [1—a?(1—k?) a?k? 5 5 a’k? 2y 2\ )
¢3< a )_ a?(1—a?) " a2_1,am(a9,k)+7r,k -1 a2_1,am(a90,k)7k B
o 1—a2(1_k2)2ﬂ a2k2 'k2 —2G ( k)
N a?(1 — a?) a?2 -1’ TR

From Lemma 2] we get

®3 (2K(k2)> >m, VYae(0,1),kel0,1).

a

¢ (M(a(kz)> = mzn (agai 1;k2> — 2G5 (a, k).

o (B0

a

Similarly in Cy:

From Lemma 2] we get

In region C3 we have got earlier this expression

o3 =+ (1—a?)t+ (arctan (\/161_7 tanh a0> — arctan (\/1(1_7a2 tanh a90>) .

Since tanha(t 4+ 6y) > tanhafy for all a € (0,1), 8y € R and ¢t > 0, the expression in brackets is non-negative.
Taking ¢t = w/+/1 — a? proves the estimate.
The equalities for the regions C4 and C% are obvious. O

From this we get immediately the following corollary.

Corollary 12. For any almost-Riemannian geodesic on S2, s.t. Yo € S the following bounds on the cut time tey;
hold:

1. In region Cy: teyr < 2K(k?)/a;
2. In region Cy: teys < 2kK (k?)/a;
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3. In region Cy: toyr < w/V/1 —a?;
4. In region Cy: toy <7 5
5. In region Cs: teys < /1 —a?.

Using bounds in the almost-Riemannian problem it is possible to give bounds for the cut time in the sub-
Riemannian problem on SO(3).

Corollary 13. The following bounds on the cut time toy in the left-invariant sub-Riemannian problems —
on SO(3) are true:

1. In region C1: teys < 2K(k?)/a + ;
2. In region Cy: teyr < 2kK (k?)/a + 7;
3. In region Cs: teyy < W/m +7;
4. In region Cy: teys < 2m;

5. In region Cy: teys < W/m-i- .

Proof. We construct a trajectory joining Id with Rp € SO(3) that consists of two geodesic segments. Since the
sub-Riemannian problem on SO(3) is left-invariant, we can look for a curve that connects Ry." with Id.

First we find an almost-Riemannian geodesic 75 : [0,7] — S 2 that connects Rpey with e5. From Theorem [10| we
know that this geodesic arc is minimal. Its length can be estimated by Proposition [T}

Next we take the corresponding sub-Riemannian geodesic R, : [0, 7] — SO(3) that has the same vertical curve
pt. The terminal position R, is up to a rotation around the vector e, the identity element. But we know that a
rotation around es is a sub-Riemannian geodesic on SO(3) of length at most 7. From this the proof follows. O

Conclusion

In this article we have studied the left-invariant sub-Riemannian problem on SO(3) and the almost-Riemannian
problem on 52 which are connected with each other. In both problems we have studied the symmetries of the expo-
nential map and obtained some necessary optimality conditions. We gave a description of periodic sub-Riemannian
geodesics and studied some of their topological properties. Finally we have obtained some bounds on the cut time
in the almost-Riemannian problem and constructed from this estimates on the cut time in the sub-Riemannian
problem.

In the future we plan to obtain bounds on the Maxwell time and the conjugate time in sub-Riemannian problems
on SO(3). This might allow us to construct optimal synthesis similar to the case of SE(2) [2426]. In the almost-
Riemannian problem it would be interesting to study some characteristics of the cut and conjugate locus for general
points on S2. Numerical experiments show that for a generic initial point the conjugate locus has four cusps, similar
to the case of Riemannian problem on an ellipsoid. It would be interesting to give a rigorous prove of this statement
and also to find how many cusps has a conjugate locus of a point on the singular set. At last it would be interesting
to obtain a full optimal synthesis for the points zp = +1. Numerical simulations suggest that the conjugate locus
in this case is a symmetric astroid and the cut locus is a segment that connects its two opposite cusps. We note
that the Gauss curvature argument will not work here, since the initial point does not lie on the singular set. We
have tried to use the comparison theorems approach from [19] combined with the results from this paper, but we
were able only to show the absence of cut points before the singular set. Solving this particular problem may help
to obtain optimal synthesis for points that lie outside the singular set and give ideas how to deal with singular sets
in other almost-Riemannian problems.
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A Quaternions, SO(3) and R?

Let H= {q = qo + iq1 + jg2 + kg3 : qo,--.,q3 € R} be the quaternion algebra. The length of ¢ € H is defined as
lg = V& + ¢ + @3 + ¢2. The quaternion § = qo — iqy — jga — kg3 is called conjugate to g. The inverse quaternion
of ¢ #0 is

-1_ 4
=5
lq|?
Let S3 = {qg € H : |q| = 1} be a three-dimensional unit sphere and I = {¢ € H : g9 = 0} be the space of
imaginary quaternions, which is naturally identified with R3. Every quaternion ¢ € S defines a rotation operator

R, of any vector a € I via conjugation:
Rq:ar—>qazf1 el

For every R, there are two distinct quaternions ¢ and —q in S® that correspond to the same rotation operator and
therefore the mapping p : ¢ — R, gives a double cover of S? over SO(3). This covering is a homeomorphism [38]
which is given in coordinates by

@B+aE—aB—a3 20192 — qog3) 2(q092 + q143)
pig— | 2qe+aeen) @G-E+6E-46  2(ee—apn) |- (45)
2(q193 — q0g2) 2(q2q3 + ©01) @ —di— a3 +d3

If R € SO(3) is the rotation operator around a nonzero vector @ = (ay,as,a3) € R by an angle 3 then the
corresponding unit quaternion ¢ € S® has the form:
B aii+asj+ask . B

q:COSE—i—TSIHE' (46)

The space I of imaginary quaternions is a Lie algebra with a Lie bracket

ab — ba
[a,b] = 5

All three spaces I, so(3) and R? with the cross product are isomorphic as Lie algebras. This isomorphism is given
by:
A= a1A1 + a2A2 + (13A3 >~ a= (ll’i + agj + a3j ~d= aie] + ageq + ases. (47)

Suppose that R € SO(3) and ¢ € p~'(R). Then the following is true for any A € so(3) ~a € [ ~ G € R*:
RAR™ ~ qaq™! ~ Ra. (48)
The Lie algebras I, SO(3) and R? carry a natural scalar product given by

—

1
(a,b) = (@,b) = ~5 tr(AB) = a1by + azbs + asbs.

This is just the Killing form used in Section [2}

B Elliptic integrals and elliptic functions

In this article we have used the following definitions.
1. Elliptic integral of the first kind:

o}
F(65k?) = / S — (49)
0 v/1—k2sin%6

2. Elliptic integral of the second kind:

¢
E(¢; k%) = /0 V1 — k2 sin® 0d6 (50)
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where 0 < k < 1. The complete elliptic integrals are defined as K (k?) = F(7/2;k?) and E(k?) = E(n/2;k?).
The Jacobi amplitude function am(f; k?) is the inverse of the elliptic integral of the first kind with respect to 6.
The Jacobi elliptic functions are defined in the following way:

sn(6; k%) = sin (am(6; k%)) ;
en(0; k*) = cos (am(6; k?)) ;
dn(0; k%) = /1 — k2sn2(6; k2).
The functions sn(6; k%) and cn(6; k?) are 4K (k?)-periodic and dn(0; k?) is 2K (k?)-periodic. When it does not lead

to any confusion we omit the modulus k2.
For the Jacobi elliptic functions we have the addition formulas [33]

snacnbdnb+snbcenadna

sn(a£b) = 1—k2sn?asn?b ’ (51)
cnacnbFsnasnbdnadnb

en(a 4 ) = 1—k2sn?asn?b ’ (52)

dn(aib):dnadnb:l:snasnbcnacnb (53)

1—k2sn2asn?b
Elliptic integral of the third kind:

[l
Hmwm%=l : @

1 —nsin®0)y/1 — k2 sin? 0
With a change of variables sin § = sn(«, k?) it takes the form
F(¢5k?) do
II k%) = —_— 54
o) = [ s (54

and the complete elliptic integral of the third kind is denoted by I1(n; k?) = I(n, m/2; k?).
All three elliptic integrals satisfy a simple addition property of the form [28]

F(¢ +mm; k?) = F(¢; k%) + 2mK (k?), (55)
E(¢ +mm; k*) = E(¢; k) + 2mE(k?), (56)
(n, ¢ + mm; k?) = I(n, ¢; k?) + 2mll(n; k?). (57)
From (55 one can derive an analogous formula for am(6, k?):
am (0 + 2mK (k?); k*) = am(0; k?) + m. (58)

The following formulas for the derivatives of the elliptic integrals are true [33]:

dK(k?)  E(K?) — (1 — k) K (k?)

dk k(1 — k2) ’ (59)
dE(k?)  BE(k*) — K(k?)
dk k ’ (60)
Ol (n; k?) k 9 9 5
= E(k*) — (1 —EkE9I(n; k 1
S = e (B0 - (= k). (61)
Ol(n; k?)  H(n;k?) — K(k?) B E(k?) (62)
on 2n(1 —n) 2(k2 —=n)(1—n)’
The following formulas for the asymptotic expansions of the elliptic integrals when k — 0 are true [33]:
2
K(k?) = g <1 + ’1) +O(kY), (63)
2 ™ k? 4
E(k:):g I—X + O(k*). (64)
When k& — 1 — 0 we have [33]:
4
. 2 _ s
L (K<k ) —In 7= k2> (%)
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