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Variational collision avoidance problems on Riemannian manifolds

Mishal Assif, Ravi Banavar, Anthony Bloch, Margarida Camarinha and Leonardo Colombo

Abstract— 1In this article we introduce a variational approach
to collision avoidance of multiple agents evolving on a Rieman-
nian manifold and derive necessary conditions for extremals.
The problem consists of finding non-intersecting trajectories of
a given number of agents, among a set of admissible curves, to
reach a specified configuration, based on minimizing an energy
functional that depends on the velocity, covariant acceleration
and an artificial potential function used to prevent collision
among the agents. The results are validated through numerical
experiments on the manifolds R? and S2.

I. INTRODUCTION

Path planning and collision avoidance of multiple agents
have been areas of significant interest in the past few
decades due to its broad applications in power networks,
biological networks, social networks, mechanical networks
and so on. Finding trajectories that take a set of agents from
one configuration to another while avoiding collisions and
minimizing some quantity like energy or time has been an
important problem with applications in a variety of domains
[15]. Distributed protocols were proposed for various agent
networks, including general linear dynamical networks, non-
linear system networks, and mobile robotic networks in the
last years [6]. Nevertheless there still exist some gaps in the
literature in the bridge of knowledge between multi-agent
systems and geometric mechanics.

Calculus of variations in the large, as presented in Milnor
[16], has been exploited in the past for various applications.
In Crouch and Silva Leite [11] the authors have used it
to develop a theory of generalized cubic polynomials for
dynamic interpolation problems on Riemannian manifolds.
More recently, Bloch, Camarinha and Colombo [3] have
used these variational methods to solve obstacle avoidance
problems on Riemannian manifolds. In this article, inspired
by the recent work [3], we seek to extend this method to
find necessary conditions for optimal trajectories of multiple
agents on a Riemannian manifold that seek to achieve
a specified configuration while avoiding collisions among
themselves. Specifically, the problem studied in this paper
consists of finding non-intersecting trajectories of a given
number of agents, among a set of admissible curves, to
reach a specified configuration and minimizing an energy
functional that depends on the velocity, covariant acceleration
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and an artificial potential function used to prevent collision.
To solve the problem, we employ techniques from calculus
of variations on Riemannian manifolds taking into account
that the problem under study can be seen as a higher order
variational problem [4], [8], [10], [14].

The article is organized as follows. In section 2, we
introduce some concepts from Riemannian geometry relevant
to the rest of the article. In the next section, we define
the variational collision avoidance problem on Riemannian
manifolds and derive necessary conditions for the existence
of extrema. In the following section we extend our analysis
to Lie groups endowed with a left-invariant metric. We show
how to apply the results of this work in particular examples:
two agents moving on a Euclidean space, the sphere, and the
collision avoidance of multiple rigid bodies on SO(3).

II. PRELIMINARIES
A. Preliminaries on Riemannian Geometry

Let M be a smooth (C°°) Riemannian manifold with
Riemannian metric denoted by < -, > : T, M x T, M — R
at each point x € M, where T, M is the tangent space of
M at x. The length of a tangent vector is determined by its
norm, ||vg|| = (vg,v,)*/? with v, € T, M, for each point
re M.

A Riemannian affine connection V on M, is a map that
assigns to any two smooth vector fields X and Y on M a
new vector field, VxY, called the covariant derivative of Y
with respect to X satisfying

VixY = fVxY, and Vx(fY) = X(f)Y + fVxY

for all vector fields X, Y € X(M) and f € C>®(M),

where X(M) denotes the set of vector fields on M. For the

properties of V, we refer the reader to [5], [7], [16].
Consider a vector field W along a curve z on M. The

n-th order covariant derivative of W alon]g x is denoted by
n n+
x

g with n > 1. We denote by —— the n-th order
covariant derivative along z of the velocity vector field of z,
n>1.

Given vector fields X, Y and Z on M, the vector field
R(X,Y)Z given by

R(X,Y)Z =VxVyZ -VyVxZ - VixyiZ (1)

defines the curvature tensor of M, where [X, Y] denotes the
Lie bracket of the vector fields X and Y. R is trilinear in
X, Y and Z and a tensor of type (1,3). Hence for vector
fields X,Y,Z, W on M the curvature tensor satisfies ([16],
p- 53)

(R(X,Y)Z,W) = (R(W, Z)Y, X). 2)



Let S be a submanifold of M and Q2 C M be the set of
all C! piecewise smooth curves z : [0,7] — M such that
z(0), %2(0) and 2(T) € S are fixed, and %2(T) € T,(1)S.
The set ) is called the admissible set. For the class of curves
in 2 we introduce the C! piecewise smooth one parameter
admissible variation of a curve © € Q by a : (—¢,€) x
[0,T] = M;(r,t) = a(r,t) = «a,(t) that satisfy ag = x
and . € Q, for each r € (—¢,¢).

The variational vector field associated to an admissible
variation « is a C''-piecewise smooth vector field X along
z defined by

D
X(t) = E TZOO[(T', t) c T@(t)Q
verifying the boundary conditions
X(0)=0, X(T)=0
DX DX
—(0) = —(T) € Ty\myM
dt (O) 0, dt ( ) € z(T)

where the tangent space of € at x is the vector space 7,2 of
all C'! piecewise smooth vector fields X along x verifying
the former boundary conditions.
Lemma 2.1 ([16], p.52): The one parameter variation sat-
isfies
D D*a  D?* da da da O
o7 = oot oo a) .
Next, assume that M is an n-dimensional complete Rie-
mannian manifold. In this context the Riemannian distance
between two points in M can be defined by means of the
Riemannian exponential on M, that is,

d(q,p) = llexp, 'pll.

We need to guarantee that the exponential map exp, is a
local diffeomorphism, so we assume that the point p must
belong to a convex open ball around ¢q. If we consider the
geodesic from p to g given by 7, 4(s) = exp,(s expglq),

d
s € [0, 1], then, because HM(

can write

s)H is independent of s, we

- [ 14l

The proof of the following lemmas can be found in [13].

Lemma 2.2: Let M be a complete smooth Riemannian
manifold. Then d(p, q) = |lexp,, *q||* is well defined Vp, q €
M.

Moreover, if « : (—¢,€) — M is a smooth curve,

0 Oa 1
Ed(p,a(r)) = *<E(0)’6XP;(0)P>

r=0

Lemma 2.3: If X,;(t) is smooth vector field along z;(t) €
Q;, such that

X;
Xi(T) =0 and ZHT) €T, 1y
then «(r,t) = exp(rX;(t)) is an admissible variation of

x;(t) whose variational vector field is X;.

ITI. THE VARIATIONAL COLLISION AVOIDANCE PROBLEM
ON RIEMANNIAN MANIFOLDS

Let M be a complete smooth Riemannian manifold. Let
T, n and k be positive real numbers. Consider n agents
evolving on M, and (p}),v{), with @ = 1,2...,n, points in
TM corresponding to the initial positions and velocities of
the agents.

For each i = 1,...,n, consider the set ; C M of all C*
piecewise smooth curve on M, x; : [0,T] — M verifying
the boundary conditions

r(0) = b (0) = o}
dz,
dt
(the n agents reach a specified point on the submanifold .S
with velocity tangent to S) and define the functional J on

x(T) = pr € S, (T) € Ty S

0= Q1 x..x0Q,
D2gcZ ala:Z
o <3 [ (| 5] o] o]
+ Z (Ilexpy (D) ))
Jj=1,j#1
where exp, : Vo C T, M — M is the geodesic exponential

map, which is a smooth diffeomorphism of some open set
around 0 € T, M onto an open set around z, F' : R — R* is
a smooth function from the reals to the extended reals such
that F(0) = 4o00. The functional is constructed as the sum
of a combination of the velocity and covariant acceleration
of the individual trajectories regulated by a parameter k£ and
a function that penalizes collisions between the agents.

Problem: The variational collision avoidance problem
involves minimizing the functional J among Q.

In order to minimize the functional J among the set QO we
want to find curves = € 2 such that J(z) < J(&), for all
admissible curves Z in a C! neighborhood of z.

Remark 3.1: Note that the factor 1
n

2
Z F(||exp;j1(t)a:i(t)\|2) is to not count twice the

j=1,j#i
same potential function for two agents to avoid collision

between them.
Theorem 3.1: Let x; € ;. If « is an admissible variation
of x; with variational vector field X;, then

multiplying

T 4,.. 2.,

:/ <XZ_7sz_kal
r=0 0 dt* dt?
dt2 7 dt /) dt

d
—aJ(a,«)

Y Flllexp,

j—l,j?fi

P[5 B+ e - B

i—1

xj<t>||2>exp$:(t)xj<t>>> p




Proof: If « is an admissible variation of x; € €); with
variational vector field X, then

d T D D%« D?a D?*a da
@’ o) _/0 <<dr a2’ de? >+k<arat’5>

O I) - flexp )||2>dt

By lemma [2.2]

0 _ 0
A llexp (]2 = —(expz (1), 5-an(®))

By lemma [2.1] and the previous equation

d T D? da D3«
5*“‘“)—/0 <<dt28r’dt2>

(a3 2oyl Dy o D )

or’ ot/ ot’ ot? orot’ ot
n - 8041» -
=Y Pl on ) 2 expaj(t>xj<t>>>dt.
j=Lj#i

Integrating the first term by parts twice and the third term
once, and applying Lemma [2.1] to the second term, we obtain
that

d T (/00 D*a D%a da Oa
e = | <<8r’dt4+R<dt2’8t)8t
p>

j=1,j#i

- 0
F'((leapy | a(]2) 5-ar () expy ) o (¢ >>>dt
l -
D da D3« da  Oa  D3a\1h
+; K%E’ dt? >+ <E’RE T >LL
where the interval [0,7] is partitioned as 0 = ¢y < #; <

.. < t; = T such that in each subinterval x; is smooth.
Taking » = 0 in the last equation,

T 4
D ZT;
=0= Xia
" /0 << dt

D%
dt?

d
%J(O‘T)

DQ.’L‘i
ot dt?

Pl 010870 o

! . . . . o
>[5 )+ ()

i=1 i—1

O
Theorem 3.2: If # €  is a local minimizer of J, then
Viel,2..,n
1y
D4l‘i
dt*

Dza:i
dt dt?

D?%z; dmi) dx;

+R< de2 7 dt

n

-2 F

=1,

(llexpy i (0)]I*)-(expy (25 (1)

2) a; is smooth on [0, 7]
3) B3(T) L ThyyS
Proof: Assume & € () is a local minimizer of .J. Con-
sider a variation of &, &, ;(t) := (x1(t), .., @ i(t), ...y T (t)),
where o, ;(t) is an admissible variation of €2; with variational

vector field X;. Then 4. (ay;) =0Viel,2, ..n
Let us consider X; defined as =
f{D‘lxi (DQJJ dj)dj 3 D%z
dtt dt?2 ’ dt/ dt dt?
— (2 Fllexeylyws (012)-(expy 2 (0) )]
j=1,j#i

where f is a smooth real valued function on [0, 7] such that

f(t:) = f'(t;) =0and f(t) > 0,t # t;,i = 1,...,I. So, we
have

d T D41‘i
0=gdtn] = | (fll —

D2l‘i dl‘i dmi DQl‘i
+R( dt? dt) dt " de
=S F(llexpy s (0)]Pexpr k@t >|2>dt
j=1,5%i

Since f(t) is greater then zero outside a set of measure zero,

HD T (szi @) de; | Dz,
at N\ a ) @ dt?
n
(X Fllewilym ey )| =0

j=1.g#i
from which statement 1 follows.
Now, choose X; € T,.€2; such that

Dgl‘i Dgl‘i _
DXz D2Ii _ D2I1' + .
dt (tj) dt2 (tj) dt2 (tj) v.] 9 7l
DX;
X;(T) = “(T)=0
(T) = =4(T)
Therefore,
d D29:l D3z 2
0=571 O_ZH gz )T e (tﬂ)H
l)?’l‘z + D3.’L'Z' _ 2
+H i ) T s (tﬂ')H =0
which implies that
D2z, D%z, D3z, D3z,
3 — _ + 7 —+ o 7 —
dt? (t) = de2 () dt3 () = dt3 ()

Since z; is a C'! curve with continuous covariant derivatives
up to order 3, x; is C* on [0, T]. But, we have shown that z;
is the solution of a fourth order smooth ODE, which means
the fourth derivative can be expressed as a smooth function
of derivatives upto order 3. The k' order derivative can
be expressed as a smooth function of derivatives upto order



k — 1, and so by induction, x; is smooth on [0, 7]. Hence,
statement 2 follows.

When X;(T) =0, Da)fi (T) = 9%:(T'). Now, choose X; €
T,,$; such that

Xi(T) =

DX, D2,
gt () =1 ms <87§2(T) >

where Il7, . sV is the orthogonal projection onto 77, (1) S
of V € T,,ryM. Since X;(T) =0, L5(T) = 25(T) €
Ty, (1)S. By lemma@

X is the variational vector field of
an admissible variation. Therefore,

d DQ.I,L' DQJZI‘
%J(ar)‘r =0= <HTz,i(T)S ( ( )) ,

ot2 ot2 (T)> =0

Dzzi
—— HTwi(T)S (W(T)> - O

Hence statement 3 holds. ]
Remark 3.2: We now make some remarks on the previous
result for the following scenarios:

e If M is an n-dimensional manifold and S is an m-
dimensional submanifold, with m < n, then the condi-
tions z(0) and %£(0) being fixed gives 2n independent
boundary conditions, the condition z(7") being fixed
gives another n independent boundary conditions, and
‘Zl—f(T) € Ty()S gives yet another n — m boundary
conditions. Theorem (3) gives an additional m
boundary conditions. The fourth order boundary value
problem given by Theorem [3.2] (1) along with the 4n
boundary conditions forms a well posed problem.

o If we were to change the endpoint boundary condition
to be dd”f; (T) = v; (e ddﬁ"’ (T) is a fixed vector), then
it easily follows that conditions (1) and (2) of Theorem
[3.2] still hold, but condition (3) does not hold. This still
results in 4n boundary conditions.

« If we consider endpoint boundary conditions z;(T) € S
(i.e z;(T) is not fixed, but can be any element in S)
and d;ti (T') € Ty, (1S, all the conditions in Theorem

B2 still hold. But, in this case, we have 2n initial

conditions, the endpoint conditions z(T) € S gives

n — m conditions, and %%(T') € T,(7)S gives n —m

boundary conditions. These 4n — 2m conditions, along

with the m conditions given by Theorem (3) gives
only 4n — m boundary conditions. We expect to find
another m conditions, similar to Theorem @] (3), in
this case. We explore such an extension of Theorem
B2l to this situation in a future work as we comment in
Section [V]

A. Example: Planar agents on an Euclidean space

We consider the case of 2 agents evolving on M = R?
endowed with the Euclidean Riemannian metric. At time
T = 0, the first agent (agent blue in Figure [I) is at
ps = (0,0) with velocity v} = (1,0), and the second
agent (agent green in Figure is at p2 = (1,0) with
velocity v3 = (0,1). At time T = 1 the first agent is at
pi = (1,1) with velocity v{ = (0, 1), and the second agent
is at p? = (0,1) with velocity v = (0,1). At time T = 2

the first agent is at p} = ( ,2) with velocity v € 13,151, and
the second agent is at p3 = (1, 2) with velocity v3 e 252
Here, S; = {(21,2?) € R?| ||(2%, 22) — (0.2,2)]|]2 = 02}
and Sy = {(21,2?) € R?| ||(z},22%) — (1,1.8)]]2 = 0.2}.
Note that in this particular example, .S (the submanifold in
Theorem [3.2)) is the disjoint union of the two circles shown
in Figure [1| Here we have taken F : (0,00) — (0,00)

—, and the value of £ = 0. Note that at
time 7" = 1, the boundary conditions are that mentioned in
Remark 3.2. In this particular case, the argument of F' is
the usual Euclidean distance between two points. We show
in Figure [I| some simulations of the trajectories given by
Theorem [3.2] Note that the trajectories exhibit the usual S-
shape of cubic polynomials.

On R? endowed with the Euclidean metric,

given by F'(z) =

expy, (w2) = w2 — @1,

We denote by (z;(t),y:(t)) the trajectory of the i-th agent.
The conditions of Theorem [3.2] (1) translate to

"ro__ 1 — X2
! (w2 = 21)* + ((y2 — y1)»)?’

m _ Y1 — Y2
T e (e — D
xg” o T2 — T1 ’
(z2 —21)% + ((y2 — ¥1)?)?

y/2/// - Y2 — 1

(w2 —2)? + (g2 —91)?)*
Theorem [3.2] (3) gives

¥i(2) =0, 25(2)=0.

along with the conditions

21(0) =0, 91(0)=0, z2(0)=1, y2(0)=0,
21(0) =1, 1(0)=0, z3(0)=0, y3(0)=1,
(1) =1, y1(1)=1, x2(1)=0, y(1)=1,
21(1) =0, 1(0)=1, x5(1)=0, w5(0)=1,
21(2) =0, 1(2)=2, z2(2)=1, y2(2)=2
71(2) =0, ¥5(2)=0

B. Example: Agents on a 2-Sphere

In this example, we consider 2 agents evolving on the
2-sphere S? = {z € R® | |lz|l2 = 1} endowed with the
induced Riemannian structure from R3. We have taken fixed
position and velocity conditions

pb = (0.7,0.3,0.648), v} =(1,0,—1.08),
plz( 0.7,0.3,0.648), vl = (1,0,1.08),
po (0.7,0.6,0.3873), vo—(O —1,1.55),

p1 = (-0.7,0.6,0.3873), vl (0,1, —1.55).
As before, we have taken F' : (0,00) —
by F(x)=

the trajector%es satisfying Theorem followed by the
agents. Agent 1 and 2 follow the blue and brown trajectories

(0,00) given

1
—, and the value of k£ = 0. Figure |2 shows



T T
[ — |
2 vy
Q A
v
v
v v
vy_ <
v,
<,
<y
1.5 « v, |
. <
< Vv
< v
_ 4 vy
2 >
g i g
= 1+ H i -
» a
e} v, <
<
v
v <
v “
v <
v
v <
05+ v « —
. v v
v
« %
v >
v 13
V7 S
v
o » i |
| | |

Fig. 1. Optimal Path traced by two agents evolving on R2.

respectively in [2]
For z,y € S2,

-1 _ -1 y — (z,y)r
e'rpx (y) = COs (<$,y>) w?
lexpz* ()l = cos™* ((z, 9))-

For the purpose of computation, we parametrize S with
the (6, ¢) coordinates as

x = (sinfsing, sinfcos¢p, cosd)

If (6(t),#(t)) is the coordinate representation of the curve
x(t), it can be shown that
D4
Wf = (9”/’ + (5sin260)0%¢"* + (1 — 7cos?0)0” ¢
+ (5 — 17c0s*0)0' ¢' ¢ — (3sinfcosh) ¢
0

— (2sin20)¢’¢"" + (sin000s30)¢’4> %+

(¢I/// _ 79/9//¢/ _ 59/2¢// + (4COt6‘)9m¢l
+ (6¢cot)0" " + (4cotd) "0’
+ (sin26 — cotf(5cos%0 — 1))0' ¢

0
— (6cos%0)p"?¢" — (200t9)q§'9’3) 26

(B e

dt2 ' dt/) dt
If (0;(t), ¢;(t)) denote the coordinate representation of the
trajectory of the i-th agent, then[3.2]in local coordinates gives
a 2 point boundary value problem in the variables (6;, ¢;),

which can be solved to obtain the optimal trajectories.

IV. VARIATIONAL COLLISION AVOIDANCE PROBLEM ON
LIE GROUPS

On a Lie group G, we can give an explicit notion of
geodesic exponential.

Let e be the identity element on G, and g denotes the
Lie algebra associated with G, that is, g = T.G. A vector
field X € X(G) is called left-invariant if T, Ly(X (h)) =

05| i
0L
0.5

-1 NS |

-1 -0.5 0 0.5 1

Fig. 2. Optimal Path traced by two agents evolving on S2.

X(Ly(h)) = X(gh) for all g,h € G. In particular for h =
e this means that a vector field X is left-invariant if ¢ =
X(g) = TeLyC for ¢ = X(e) € g. Note that if X is a left
invariant vector field, then ¢ = X (e) = TyL,-1g.

Given ¢ € g, we denote by X, the left-invariant vector
field defined as X¢(g) = TeLy(¢),Vg € G. Let ¢ denote
the flow of X.. Let U be some neighborhood of 0 € g,
the exponential function exp : U C g — G is defined as
exp(C) = 5 ().

If G is equipped with a Riemannian structure, it is not in
general true that the 2 notions of an exponential coincide.
Geodesics on a Lie group are not generally the flow of a
left-invariant vector field on G. A connection on G for which
geodesics are flows of left-invariant vector fields is called a
Cartan connection.

Any inner product on g induces a left invariant Riemannian
metric on G (see [7] p. 271). The restriction of such a
Riemannian metric to g will be denoted by V: g x g — g.
A Riemannian metric which is both left and right invariant
is called bi-invariant. Unfortunately, the Riemannian met-
ric being left-invariant does not guarantee the Levi-Civita
connection it induces will be a Cartan connection. It can
be shown that the Levi-Civita connection induced by a bi-
invariant Riemannian metric on G is also a Cartan connection
(see [19] p. 156). In fact, on a connected Lie group, the
converse of the statement is also true, i.e. if the Levi-Civita
connection induced by a left-invariant Riemannian metric
is also a Cartan connection, then the Riemannian metric
is bi-invariant. In the following discussion, we exclusively
deal with the case where G is endowed with a left-invariant
Riemannian metric such that the Levi-civita connection it
induces is also a Cartan connection.

Therefore, assume that G endowed with a left-invariant
Riemannian metric (-, -), with I : g x g — R the correspond-
ing inner product on the Lie algebra g, a positive-definite
symmetric bilinear form in g. The inner product I defines the
metric (-,-) completely via left translation (see for instance
[7] pp. 273).

Let z : I C R — G be a smooth curve on G. The
body velocity of x is the curve v : I C R — g defined



dx
by olt) = Tato Lo+ (55100
Let {e1,...,e,} be a basis of g. We denote by uy, the
left-invariant vector field associated with u € g. The body

velocity of x on the given basis is described by v = Z Vi€,

i=1
where v1,...,v, are the so-called pseudo-velocities of the
curve x with respect to the given basis. The velocity vector
can be written in terms of the pseudo-velocities as follows

d n
dit”(t) wy0(t ;vl z®). 3

When the body velocity is interpreted as a control on the
Lie algebra, equations (@) give rise to the so called left-
invariant control systems discussed in [9]. Therefore our
analysis also includes this class of kinematic control systems.

To write the equations determining necessary conditions
for existence of extrema in the variational collision avoidance
problem, we must use the following formulas (see [1],
Section 7 for more details).

~ n ~
Vv = Z v0;Ve, €5, exp, 'y =T.Ly(exp, (z7"y)),

ij=1

% =TeLy (U/ + %UU),
D L (o 4 Gt 2Tl + 9 00),
D*x = . _
g~ el (” + Vv + 3V’ + 3V + Vi Vi
+ 2V, Vv + 3V, + 601;),
(%’ %) % =Tels (E(vﬁ v)v+ R(V,v, v)v),

where R denotes the curvature tensor associated with V.
Thus, as a consequence of Theorem (1) we have the
following result

Corollary 4.1: The equations giving necessary conditions
for the existence of minimizers in the variational collision
avoidance problem where agents are defined on a Lie group
G are

0 :’Ugll + 61)2’@1’ + 36%’(1; + 361)1”02/ =+ %’U; 6% v;
+ 26”1 6”21]7; + 36”1 ’U:L + ﬁviui + ﬁ(vg, vi)vi
+ R(Vy,vi,03)0; — k(v; + %vivi)

> Flllexpy ! (ay w)|P)exp; (a7 ') )
J=Lli#j

A. Example: Collision avoidance of rigid bodies on SO(3)

We clarify the notion of collision avoidance on SO(3) as
follows: The idea is to ensure that n agents, each evolving
on the manifold SO(3), do not attain the same orientation
at any given instant of time. In this particular example, we
consider a collision avoidance problem for the motion of
three rigid bodies in the space where the configuration space
of each agent is the Lie group G = SO(3).

Denote by t — R;(t) € SO(3) a curve for the i*" agent,
i = 1,2,3 and let I be the (3 x 3)-identity matrix. The
columns of the matrix R;(t) represent the directions of the
principal axis of the i*" body at time ¢ with respect to some
reference system. Let s0(3) = T7.50(3) be the Lie algebra of
the Lie group SO(3), that is, the set of 3 x 3 skew-symmetric
matrices,

s50(3) = {R(0)|R(t) € SO(3), R(0) = I}
= {Q e R®*3|() is skew-symmetric}.

It is well know that (see [2] for instance) s0(3) ~ R? using

the isomorphism

) 0 =) Q)
Q)= | @) 0 —OQi(t) | = (29,0
—2) ol o
where ; = (Q},02,Q3) € R3.

We consider the basis of so(3) represented by the canon-
ical basis of R? denoted by {e1,e2,e3} and endow SO(3)
with the left-invariant metric defined by the inner product

I= Z J} e* ® e where J i are the elements of the diagonal

matrix deﬁning the kinematics structure of the rigid body,
the inertia moments, with £k = 1,2,3 for each 7+ = 1,2,3
and {e',e2,e3} the dual basis of {e1, e, e3}.

The Levi-Civita connection V induced by (-, -) determined
by the inner product is completely determined by its restric-
tion to s0(3) and given by (see for instance [7] p. 281)

Voz = %v X z + % (I (0 x (I2) + w x (Iv))

where v = (v1,v2,v3) € R and 2z = (21, 29, 23) € R3.

For simplicity in the exposition we consider the case of a
symmetric rigid body with J;, = 1 with i,k = {1,2,3}.
Then the formula ?bove for the Levi-Civita connection
reduces to V,z = 2(v X z). By using equation (2), the
restriction of the curvature tensor to s0(3) is defined by
R(v, 2)w = fl(v X z) x w where v, z,w € R3.

For the collision avoidance problem we consider F' :
RT — R as F(z) = 2 where the argument of F is the
usual Euclidean distance between two elements on $0(3) ~
R?, that is, F(|lexp,'R|?) = W with R,Q €
SO(3) and where exp : s0(3) — SO(3) representing the
matrix exponential on SO(3).

By Corollary [4.1] the necessary conditions for the normal
extremals for the variational collision avoidance problem are
determined by the solutions of the equation

3 3
4(11; X v;) xvi—&—iv; X v;

exp (R} 'R;)
e (R R

v =v! x v; + kv} +
3
+ >
Jj=1,i#
together with the equation Ri = R,;v;, and the boundary

conditions Ry = R{, R;i(T) = Rl v;(0) = v§ and v;(T) =
vk for i =1,2,3.




V. CONCLUSIONS AND FUTURE WORK

We discussed the problem of collision avoidance of multi-
agent systems on a complete Riemannian manifold and
derived, from the point of view of calculus of variations,
necessary conditions for the existence of extrema in the
problem. We have shown how the main result can be applied
for the particular case of a compact Lie group, a Euclidean
space, and a non Lie group example, i.e., the 2-sphere, S2.

The study of these necessary conditions on symmetric
spaces and reduction theories for variational problems has
attracted considerable interest and has been carried out
systematically by several authors. In future work we intend
to extend the main results presented in this paper to this
setting and explore numerical results for three dimensional
agents as well as explore extensions of Theorem as we
commented in Remark 3.2.
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