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Coordinated Motion Design on Lie Groups

Alain Sarlette, Member, IEEE, Silvere Bonnabel, and Rodolphe Sepulchre, Senior Member, IEEE

Abstract—The present paper proposes a unified geometric
framework for coordinated motion on Lie groups. It first gives a
general problem formulation and analyzes ensuing conditions for
coordinated motion. Then, it introduces a precise method to design
control laws in fully actuated and underactuated settings with
simple integrator dynamics. It thereby shows that coordination
can be studied in a systematic way once the Lie group geometry
of the configuration space is well characterized. Applying the
proposed general methodology to particular examples allows to
retrieve control laws that have been proposed in the literature on
intuitive grounds. A link with Brockett’s double bracket flows is
also made. The concepts are illustrated on SO(3), SE(2) and
SE(3).

Index Terms—Cooperative systems, distributed control, motion
planning, Lie groups, geometric control.

I. INTRODUCTION

ECENTLY, many efforts have been devoted to the design
R and analysis of control laws that coordinate swarms of
identical autonomous agents—e.g., oscillator synchronization
[1], [2], flocking mechanisms [3], [4], vehicle formations
[5]1-[9], spacecraft formations [10]-[15], mechanical system
networks [16]-[18] and mobile sensor networks [19]-[23]. For
systems on vector spaces, so-called consensus algorithms are
shown to be efficient and robust [3], [24]-[28], and allow to
address many relevant engineering issues and tasks [5], [24],
[29]. However, in many applications, the agents to coordinate
evolve on nonlinear manifolds: oscillators evolve on the circle
St = S0O(2), satellite attitudes on SO(3) and vehicles move
in SE(2) or SE(3); these particular manifolds share the
geometric structure of a Lie group. Coordination on nonlinear
manifolds is inherently more difficult than on vector spaces
[46]. The goal of the present paper is to propose a unified
geometric framework for coordinated motion on Lie groups,
from a geometric definition of “coordination” to a geometric
derivation of control laws for coordination like those proposed
in [19]-[21], [30]-[32], in fully actuated and underactuated
settings with simple integrator dynamics. The objective is to
reach a state where the motion of the agents is coordinated,
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while the values of their relative positions are a priori left
arbitrary; definitions of “coordinated motion” and “relative
positions” on a Lie group are the subject of Section II.

Symmetries: The key point for the developments in this
paper is invariance (or symmetry) in the behavior of the swarm
of agents with respect to their absolute position on the Lie group:
only relative positions (on the Lie group) matter. For instance,
the configuration of a rigid body in the 3-D physical world is
given by an orientation and a position vector in R?, whose com-
bination corresponds to a position on Lie group S E/(3). For rigid
body coordination, it is then natural to write control laws that
can be interpreted as internal forces in the swarm, rather than
forces depending on an external reference frame which would
privilegiate some arbitrary choice of orientation and origin. In-
dependence with respect to reference frame corresponds to in-
variance with respect to applying to all agents the same Lie
group translation on SF(3).

The symmetries determine how to define meaningful quanti-
ties for the swarm, like “relative positions” on the Lie group, and
what the dynamics of the coupled agents can be. Coordinated mo-
tion—in short coordination—is defined as all situations where
relative positions on the Lie group are fixed. Feedback control
laws that asymptotically enforce coordination must be designed
on the basis of error measurements involving appropriately in-
variant quantities (e.g., relative agent positions on the Lie group).

Previous Work: Results about synchronization (“reaching
a common point”) and coordinated motion (“moving in an or-
ganized way”’) on vector spaces are becoming well established
[24], [26]-[28]. Because a vector space can be identified with
its tangent plane, both synchronization and coordinated motion
can be seen as consensus problems on the same vector space: the
former is a position consensus while the latter is a velocity con-
sensus. Note that considering the motion of agents with the Lie
group structure of R™ implies that only position vectors in R™
and associated translational motion are covered. In contrast, as
soon as orientation/rotation of the vehicles or of the formation
moving in a vector space is considered, the configuration space
becomes the non-trivial Lie group SFE(n). In general, when the
configuration space is a Lie group, synchronization and coordi-
nated motion are fundamentally different. The geometric view-
point for dynamical systems on Lie groups is very well studied;
see basic results in [33], [34] for simplified dynamics like those
considered in the present paper, and [34]-[37] for a geometric
theory of mechanical systems on Lie groups. General results
for synchronization on compact Lie groups are proposed in [38],
which points to related examples in the literature. But to the best
of the authors’ knowledge, a unified geometric viewpoint for co-
ordinated motion—in short coordination—on Lie groups is still
lacking. Close to the present paper in its geometric flavor, [39]
builds invariant observers for systems with Lie group symme-
tries; observer design can be seen as two-agent leader-follower
synchronization.

0018-9286/$26.00 © 2010 IEEE

Authorized licensed use limited to: ECOLE DES MINES PARIS. Downloaded on May 07,2010 at 12:09:59 UTC from IEEE Xplore. Restrictions apply.



1048

In applications, the ubiquitous example of motion on Lie
groups is a rigid body in R™. When translational motion is
discarded, the configuration space reduces to the compact Lie
group SO(n) characterizing the body’s orientation; an element
of SO(n) can be represented by the n X n rotation matrix
between a frame attached to the rigid body and a hypothet-
ical fixed reference frame. The standard example of this type
is satellite attitude control, where synchronization, i.e., ob-
taining equal orientations, has recently attracted much attention
[10]-[13], [15], [18], [31], [40]—[43], with and without external
reference tracking; note that synchronization is a very special
case of coordination. Considering rotations and translations,
the configuration space of an n-dimensional rigid body be-
comes the non-compact Lie group SE(n) = R™ x SO(n).
Recently, coordinated motion has been investigated on SE(2)
[8], [20], [21] and SE(3) [9], [16], [17], [19] in the underactu-
ated setting of steering control where the linear velocity is fixed
in the body’s frame. Motion on .S E(n) with steering control is
also directly linked to the evolution of a Serret-Frenet frame
with curvature control, as explained in [33]. Results taking into
account the full mechanical dynamics for rigid body motion
are more difficult to obtain—see for instance applications of
the framework of [35] for coordination on SO(3) and SE(3)
in [18], [43] and [16], [17] respectively. Considering simplified
dynamics, as in the present paper, can be useful either to
build a high-level planning controller or as a preliminary step
towards an integrated mechanical controller, as illustrated for
synchronization on SO(3) in [31] and [32], [44] respectively.

Contributions: The main goal of the present paper is to pro-
vide a unified geometric framework for coordinated motion on
Lie groups, proceeding as follows. (i) Coordination on Lie groups
is defined from first principles of symmetry, distinguishing three
variants: left-invariant, right-invariant and biinvariant coordina-
tion. (ii) Expressing the conditions for coordination in the associ-
ated Lie algebra, a direct link is drawn between coordination on
Lie groups and consensus in vector spaces. (iii) It is investigated
how biinvariant coordination restricts compatible relative posi-
tions through a geometrically meaningful relation. These prop-
erties are independent of the dynamics. Going over to control
laws, simplified first-order dynamics are assumed for individual
agents, but underactuation is explicitly modeled; communica-
tion among agents is restricted to a reduced set of links that can
possibly be directed and time-varying. (iv) Control laws based
on standard vector space consensus algorithms are given that
achieve the easier tasks of right-invariant coordination and fully
actuated left-invariant coordination for any initial condition on
general Lie groups. (v) A general method is proposed to design
control laws that achieve biinvariant coordination of fully actu-
ated agents when communication links are undirected and fixed;
extension to more general communication settings can be made
along the lines of [21]. Biinvariant coordination is a rather aca-
demic problem, but (vi) the proposed design method is shown to
apply to the practically most relevant problem of left-invariant
coordination of underactuated agents. The proposed controller ar-
chitecture consists of two steps, adding to the consensus algorithm
aposition controller derived from geometric Lyapunov functions.
The position controllers are directly linked to the double bracket
flows of [45] for gradient systems on adjoint orbits.
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The power of the geometry is illustrated on SO(3), SE(2)
and SF(3) by analyzing the meaning of the geometric condi-
tions for coordination, and by designing corresponding control
laws with the proposed general methodology. The obtained con-
trollers have been previously proposed in the literature, but were
derived on the basis of intuitive arguments for particular appli-
cations. In that sense, the novelty of the present paper is not in
the expression of the control laws but in showing that they can
be derived in a unifying and systematic manner with the proper
geometric setting.

The present paper focuses on the achievement of coordinated
motion only, in the sense that the objective is for the swarm to
move and conserve relative positions on the Lie group; the ac-
tual values of the relative positions on the Lie group, as long as
they are compatible with the coordinated motion, are not con-
trolled. However, applications often require to stabilize partic-
ular relative positions on the Lie group which are more efficient
than others e.g., for sensing, power consumption or at least col-
lision avoidance. The focus of the present work—motion with
fixed relative positions on the Lie group—can be viewed as “or-
thogonal” to driving the agents towards particular relative posi-
tions on the Lie group. Therefore it is expected that the results of
the present work can be combined with appropriately invariant
relative position control algorithms on the Lie group (as e.g.,
from [38]), in order to both reach a particular configuration of
relative positions on the Lie group and stabilize a coordinated
motion of the resulting configuration. A corresponding result
is proposed in [20] for steering control of planar vehicles (Lie
group S F(2)); remaining issues concerning a general theory for
this combination are discussed in [46].

Table of Contents: The paper is organized as follows. Sec-
tion II examines the geometric properties of coordination on Lie
groups (contributions (i), (ii), and (iii)). Section III presents the
control setting and basic control laws for right-invariant coordi-
nation and fully actuated left-invariant coordination (contribution
(iv)). Sections IV and V present control law design methods re-
spectively for biinvariant coordination [contribution (v)] and for
underactuated left-invariant coordination [contribution (vi)]. Ex-
amples are treated at the ends of Section II, Sections IV and V.

II. THE GEOMETRY OF COORDINATION

This section proposes definitions for coordination on Lie
groups by starting from basic symmetry principles. It estab-
lishes conditions on velocities for coordination and examines
implications. Except that the symmetries must be compatible,
these developments are independent of the dynamics consid-
ered for the control problem. Notations are adapted from [34].

A. Relative Positions and Coordination

Consider N “agents” evolving on a Lie group G, with g (t) €
G denoting the position of agent k at time ¢. Let gk_,1 denote the
group inverse of gx, Lp : g — hg denote left multiplication,
and Ry, : g — gh right multiplication on G.

Definition 1: The left-invariant relative position on G
of agent j with respect to agent k is A = g,;lgj. The
right-invariant relative position on G of j with respect to k is
Pik = 9ig; -
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Indeed, Aji (resp. pji) is invariant under left (resp. right)
multiplication: (hgx) ' (hg;) = g5 'g; Yh € G. Left-/right-in-
variant relative positions are the joint invariants associated to
left-/right-invariant action of G on G X G- -- X G (N copies).
In the following, “relative positions” always refer to relative po-
sitions on GG unless otherwise specified.

The two definitions of relative position lead to two types of
coordination; a third type is defined by combining them.

Definition 2: Left-invariant coordination (LIC) means con-
stant left-invariant relative positions \;.(t) = g; ' g;—tesp.
right-invariant coordination (RIC) means constant right-in-
variant relative positions pj; = g; gkfl —for all pairs of agents
7, k. Biinvariant coordination (BIC) means simultaneous LIC
and RIC: gkflgj and gjg,zl are constant for all j, k.

The present paper thus associates coordination to fixed rela-
tive positions. In contrast, synchronization is the situation where
all agents are at the same point on G: gi(t) = g;(t) V7, k; this
is a very particular case of biinvariant coordination.

B. Velocities and Coordination

Denote by g the Lie algebra of G, i.e., its tangent space at
identity e. This paper always considers g endowed with the Eu-
clidean metric. Denote by [,] the Lie bracket on g. Let Ly :
TGy —TGhry and Ry : TGy — TG gy be the maps on tan-
gent spaces induced by L; and Rj, respectively. Let Ad, =
R, 1, Lg, : g— g denote the adjoint representation.

Definition 4: Left-invariant velocity £, € g and right-in-
variant velocity £; € g of agent k are defined by &L(7) =
Ly 1(ry (g 96(t)e=r) and €(7) = Ryo1 (7). (55 91 (t)e=r)-

Indeed, g5 (t) and L, gx(t) (resp. Ry g (t)) have the same left-
invariant (resp. right-invariant) velocity &% (¢) (resp. £ (¢)), for
any fixed h € G. Note the important equality

& = Adg, & (1

The adjoint orbit of £ € gisset O = {Ady€: g € G} C g.
Proposition 1: Left-invariant coordination corresponds to
equal right-invariant velocities £; = & V7, k. Right-invariant
coordination corresponds to equal left-invariant velocities
fé = & Vi, 1 1 1 1 -1
Proof: For Xjk, 4 (95 9) = Ly-1. % 95 + Ry, e 0
But if 4 g, Lyi€f,s then G gt = L1, Ady, €.
d (1 l [
Thus W(gk gj) Lg;lgj*gj — Lg{l*RgJ* Adgkfk =
L1, AdS (Ady, &) — Ady, ). Since Lyt and Ad

9 g5 ;
are invertible, % ()\;x) = 0 is equivalent to Ad, ¢} = Ad,, &},
or equivalently {7 = &. The proof for right-invariant coordi-
nation is strictly analogous. O

Proposition 1 shows that coordination on the Lie group G
is equivalent to consensus in the vector space g. Consensus
in vector spaces is well-studied, see [4], [24]-[28], [47]. Biin-
variant coordination requires simultaneous consensus on £., and
&;.; but the latter are not independent, they are linked through (1)
which depends on the agents’ positions.

Proposition 2: Biinvariant coordination on a Lie group G is
equivalent to the following condition in the Lie algebra g:

VE=1...N, & =¢ €[ \ker(Ady,, — Id) or equivalently
1,7

& =¢" €[ \ker(Ad,,, — Id).

2%
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Proof: RIC requires &, = &4 V4, k; denote the common
value of the f,lc by &' Then LIC requires Adg, g = Adyg, g o
¢ = Ady,, €' Vj, k. The proof with £" is similar. O

Proposition 2 shows that biinvariant coordination puts no con-
straints on the relative positions when the group is Abelian,
since Ady,, = Id V\jj in this case. In contrast, on a general
Lie group, biinvariant coordination with non-zero velocity can
restrict the set of possible relative positions as follows.

Proposition 3: Let CM, := {g € G : Ad & = £}.

a. Forevery ¢ € g, CM; is a subgroup of G.

b. The Lie algebra of C'M is the kernel of ad; = [, ], i.e.,
eme = {n € g: [¢,n] = 0}.

Proof:

a. Ad.& = & V¢ since Ad, is the identity operator. Ady& = &
implies Ad,—1§ = & by simple inversion of the relation.
Moreover, if Adg, & = & and Ad,, & = ¢, then Ady, 4, & =
Adg, Adg, & = Adg, & = & Thus C M, satisfies all group
axioms and must be a subgroup of G.

b. Let g(t) € CM; with g(7) = e and % g(t)|, = 1. Then
1 € cmg = the tangent space to C'M; at e. For constant £,
Ady(t)€ = € implies £ (Ad,y(t))¢ = 0, with the basic Lie
group property £ (Ad,(t))|; = ad,. Therefore [,£] = 0
is necessary. It is also sufficient since, for any 1 such that
[1,&] = 0, the group exponential curve g(t) = exp(nt)
belongs to C' M. O

CM¢ and cmy are called the isotropy subgroup and isotropy
Lie algebra of ¢; these are classical objects in group theory [35].
From Propositions 2 and 3, one method to obtain a biinvariantly
coordinated motion on G is to (1) choose &' in the vector space g
and set &, = ¢! Vk (2) position the agents on G such that \j;, €
C My for pairs j, k corresponding to the edges of an undirected
tree graph; the Lie group property of C'M,: then ensures that
Ajr € C Mg for all pairs j, k. The same can be done with &"
and the p;i. Note that a swarm at rest (&, = & = 0 Vk) is
always biinvariantly coordinated.

Remark 1: In many applications involving coordinated mo-
tion, reaching a particular configuration, i.e., specific values of
the relative positions, is also relevant. Specific configurations
are defined as extrema of a cost function in [38]. Imposing rela-
tive positions in the (intersection of) set(s) C'M, for some £ can
be another way to classify specific configurations; unlike [38],
it works for non-compact Lie groups. For compact groups, there
seems to be no connection between configurations characterized
through C'M, and those defined by [38].

Remark 2: One can also first fix relative positions A;;, and
then characterize the set of velocities & compatible with biin-
variant coordination. For non-Abelian groups and a sufficiently
large number N of agents, this set generically reduces to ¢ = 0.

C. Examples

The Lie group R™ has trivial properties; it is presented to
clarify the distinction with “motion of rigid bodies in R™”,
whose configuration space is the Lie group SF(n). Basic
properties for the special orthogonal groups SO(n) and special
Euclidean groups SE(n), n > 2, can be found in e.g., [33].
Left-invariant coordination for SE(2) and SE(3) was already
formulated in Lie group notation in [8], [9].

Example 1: R": For G = R™, a point g, € G is denoted by
a position vector 7, € R™.
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(@) (b) ©)
Fig. 1. Coordinated motion on R? (LIC = RIC = BIC). (a) An initial situa-
tion of coordinated motion; circles represent agent positions, arrows their linear
velocities. (b) The same swarm in coordinated motion with a different velocity.

(c) A coordinated motion that the swarm of the first plot cannot reach without
breaking the coordinated motion to re-position the agents.

* Group multiplication g g; corresponds to 73 + r;, inverse
g;l to —r, and identity e to position vector 0. In partic-
ular, the group structure is decoupled in each coordinate
and Abelian (i.e., group multiplication is commutative).
Relative positions take the familiar form A\ji, = pjr =
r; — 1, € R™

e The Lie algebra equals R" itself, operations L, and R,..
reduce to the identity Vr € G = R".

* Adjoint operator Ad, = Id for all r € G = R™ and the
Lie bracket is identically zero.

e LIC, RIC and BIC all collapse to the same and just require
identical linear velocities in R™; in particular BIC implies
no restrictions on relative positions. Physically, coordinated
motion means arigid formation of points in R” moving with
a fixed formation orientation. The direction of motion can
change when varying the velocity vector, as between Fig.
1(a) and 1(b), but arotation of the formation, as going from
Fig. 1(a)-1(c), would require breaking coordination in R™.

Example 2: SO(3): The special orthogonal group SO(3) de-

scribes 3-D rotations. A point g on SO(3) is represented by a
matrix Q € R**3 with QT Q = Id and det(Q) = 1.

e Group multiplication, inverse and identity are the corre-
sponding matrix operations.

» The Lie algebra so(3) is the set of skew-symmetric 3 x 3
matrices [w]’\, operations L¢.£ and R, ¢ are represented
by Q[w]”" and [w]"Q, respectively. The invertible mapping

0 —wg we \ [V (e
w(3) 0 —wy | S [ we
—w@)  wa) 0 [N \we)

identifies 50(3) 3 [w]" with R® 3 w.

* With this identification, Adgw = Qw and [wi,w;] =
[wi]*w;j = wy X w; (vector product).

* In the standard interpretation of @ as rigid body orienta-
tion, w! and w" are the angular velocities expressed in body
frame and in inertial frame respectively.

* LIC (equal wy,), RIC (equal w}c) and BIC have a clear phys-
ical interpretation in this case.

* ForBIC withw # 0, cm, = {MAw : A € R} and CM,, =
{rotations around axis w}. The dimension of ¢mg: (&
of C'M¢:) is 1. Agents in BIC rotate with the same angular
velocity wy, in inertial space and have the same orientation
up to a rotation around wy,.

Example 3: SFE(2): The special Euclidean group in the plane
SE(2) describes planar rigid body motions (translations and
rotations). An element of SFE(2) can be written g = (r,6) €
R? x S! where r is a position vector in the plane and f is orien-
tation (or “heading”).

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 55, NO. 5, MAY 2010

* Group multiplication g1 g2 = (r1 + Qa, 72,61 + 02) where
Qg is the rotation of angle 6. Identity ¢ = (0, 0) and inverse
g_l = (_Q*9T7_0>'

* Lie algebra s¢(2) = R* x R 3 ¢ = (v,w). Operations
Lys(v,w) = (Qpv,w) and Ry (v, w) = (v +wQr /o7, w).

o Ady(v,w) = (Qov — wQrsor,w) and
[(v1,w1), (v2, w2)] = (W1Qr /202 — W2Qr/201,0).

+ In the interpretation of rigid body motion, v' is the linear
velocity expressed in body frame, w! = w” =: w is the ro-
tation rate. For w # 0, v" is not the body’s linear velocity
expressed in inertial frame; instead, s = —Q; /21;’“ Jwis the
center of the circle drawn by the rigid body moving with
& = (v",w). In [20], the intuitive argument to achieve co-
ordination is to synchronize circle centers sg; this actually
synchronizes right-invariant velocities v},.

* In RIC, the agents move with the same velocity expressed
in body frame (Fig. 2, ). In LIC, they move like a single
rigid body (or “formation”): relative orientations and rel-
ative position vectors on the plane do not change (Fig. 2,
l; and [5). Note that any combination of translation (as on
Fig. 2, [1) and rotation (as on Fig. 2, [5) of the formation
composed by the agents is possible.

e In BIC, the swarm moves like a single rigid body and
each agent has the same velocity expressed in body frame.
Propositions 2 and 3 characterize cmg: by [hn =0«
wh, = wyo! and CMg by Ady¢! = € & (Qq — Id)v' =
w'Q, /27". This leads to three different cases:

(0w’ =0 = 0= cmg = se(2) and CMg = SE(2).
D w'=0,v"#0= cmg = {(v,0) : v € R?} and
CMg = {(r,0) : 7 € R?}.
(i) w' # 0, any o' = cmg = {(v'w/w',w) : w € R}
Define C' C R2, the circle of radius ||v!||2/|w!| containing
the origin, tangent to »' at the origin and such that v'
and w' imply rotation in the same direction. Then solving
Adg¢ = ¢ for g and making a few calculations shows that
CMg = {(r,0) : r € C and Qgv' tangent to C at r}.
This is consistent with an intuitive analysis of possibilities
for circular motion with unitary linear velocity and fixed
relative position vectors and orientations in the plane.

The dimension of cmg: (& of C M) is (o) 3, (i) 2 or (ii)
1. In case (0), the configuration is arbitrary but at rest. In case
(i), the agents have the same orientation and move on parallel
straight lines (Fig. 2, £1). In case (ii), they move on the same
circle and have the same orientation with respect to their local
radius (Fig. 2, t2). Unlike for LIC, combinations of translations
(t1) and rotations (¢2) of the formation composed by the agents
would not correspond to BIC.

Example 4: SFE(3): This group describes 3-D rigid body mo-
tions (translations and rotations). An element of SF(3) can be
written g = (r,Q) € R* x SO(3), with r a position vector in
R3 and @ a rotation matrix describing orientation.

* 9192 = (r1 + Qi72,Q1Q2), identity e =
inverse g7 = (=QTr, Q7).

* Lie algebra se(3) = R® x 50(3) > ¢ = (v,[w]") is
identified with R® x R® 3 (v, w) with the same mapping as
for SO(3). Operations L. (v, [w]") = (Quv, Q[w]") and
Ry (v, [w]") = (wXxr+0, [w]*Q). As for SO(3), symbol
“x” denotes vector product.

(0,1d) and
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Fig. 2. Coordinated swarms (light color: intermediate planar positions and ori-
entations in time). r: RIC with varying velocity. !y and /5: LIC withw, = 0
and wy, # 0 respectively; note that any combination of translation (/; ) and ro-
tation (I2) of the formation composed by the agents still corresponds to LIC.
t1 and t2: BIC with w, = 0 and w; # 0 respectively; note that combinations
of translations (¢, ) and rotations (t» ) of the formation composed by the agents
would not correspond to BIC.

t1 t2

c Adyv,w) = (Qv + 7 x (Qu).Qw) and
[(’017(,«)1)7 (027(4.)2)] = (w1 X V2 — w2 X U1,w; X u}2).

¢ In the interpretation of rigid body motion, left-invariant ve-

locities v' and w! are the body’s linear and angular velocity

respectively, expressed in body frame; the right-invariant

w" is the angular velocity expressed in inertial frame; for

w! # 0, a physical interpretation for the right-invariant v"

is unclear.

Similarly to SFE(2), the agents move in RIC with the same

velocity expressed in body frame; they move in LIC with

fixed relative orientations and relative position vectors in

R3, like a single rigid body.

In BIC, the swarm moves like a single rigid body and

each agent has the same velocity expressed in body frame.

Propositions 2 and 3 lead to three different cases charac-

terizing

C'M i which requires [¢/,7] = 0

1 _ 1 _ L.
S w Xwy=0andw' X v, =wy X v;

1051
C'Mg: which requires Ad ¢ = ¢!

& Quw' =wland (Q — Id)v' = W' x 7.

(O w' =0 =0= cmu = se(3) and CMu = SE(3).
Hw' =00 #£0= ema = {(B,av') : B €R3 o € R}
and CMg = {(r,Q) : r € R®, Q characterizes rotation of
axis v'}.

(i) w' # 0, any o' = cma = {(aw! + P!, aw’)
a,f € R} and CMg = {(r,Q) € SE(3) describing
left-invariant relative positions of agents that are on the
same cylinder of axis w! and radius %, with
orientations differing around axis w' by an angle exactly
equal to their relative angular position on the cylinder }.

This is again obtained by solving for ¢ in Ad,§ = ¢ and
making several basic computations; it is less obvious than for
SE(2) to find this result intuitively.

The dimension of ¢mg (& of C'My:) is (0) 6, (i) 4 or (ii)
2. In case (0), the configuration is arbitrary but at rest. In case
(1), the agents move on parallel straight lines and have the same
orientation up to rotation around their linear velocity vector. In
case (ii), for o' — v' - w!/||w!|| # 0, the agents draw helices of
constant pitch w' - v' = w” - v" on the cylinder; the special case
Wl =0 gives circular trajectories (see figures in [9], [19]).
In the degenerate situation v' — v - w!/||w!|| = 0, all agents are
on the rotation axis.

III. COORDINATION BY CONSENSUS IN THE LIE ALGEBRA

A. Control Setting

Left-invariant! systems on Lie groups appear naturally in
many physical systems, such as rigid bodies in space and
cart-like vehicles. Motivated by examples like 2-axes attitude
control and steering control on SE(2) or SE(3), this paper
considers left-invariant dynamics with affine control

d
a7

where the Lie algebra g is identified with R", a € R™ is a con-
stant drift velocity, B € R™*™ has full column rank and speci-
fies the range of the control term u;, € R™; without loss of gen-
erality, the column vectors of B are assumed orthonormal. The
set of all assignable ¢}, is denoted C = {a+ Bu : u € R™}. For
fully actuated agents m = n, (2) simplifies to %Qk = Lg, «ug
without loss of generality. The following always considers g en-
dowed with the Euclidean metric. Feedback control laws must
be functions of variables which are compatible with the symme-
tries of the problem setting, i.e., left-invariant. In terms of left-
invariant variables, LIC corresponds to fixed (left-invariant) rel-
ative positions, while RIC corresponds to equal (left-invariant)
velocities.

In a realistic scalable setting, full communication between all
agents cannot be assumed. The information flow among agents
is modeled by a restricted set of communication links; 7 ~»
k denotes that j sends information to k. The communication
topology is associated to a graph G. G is undirected if k ~»

:Lgk*fllc with & =a+ Buy, k=1...N, (2)

A right-invariant system is equivalent, simply by redefining the group
multiplications.
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7 < j ~ k. G is uniformly connected (see [24], [25]) if there
exist an agent k and durations § > 0 and 7" > 0 such that, V¢,
taking the union of the links appearing for at least § in time span
[t,t + T1, there is a directed path k ~» a ~> b... ~» j from k
to every other agent j.

B. Right-Invariant Coordination

Right-invariant coordination requires f,lc = fé- V7, k. In the
setting (2), this simply implies to agree on equal u Vk; posi-
tions Ajj can evolve arbitrarily. This problem is solved by the
classical vector space consensus algorithm [4], [25]-[28], [47]

d
26 =2 (6 =&,

ok

k=1...N. 3)

Using (2), it translates into 2w, = > jek (U — ug). Tt ex-
ponentially achieves ffc = fé- V7, k if G is uniformly connected.
Asymptotic RIC is then ensured for any initial u, and, of course,
any relative positions A;; which actually have no influence.
Agent k relies on the left-invariant velocity fjl- of j ~ k.

For a time-invariant and undirected communication graph G,
(3) is a gradient descent for the disagreement cost function V,. =
Yok 2wl — €517, with the Buclidean metric in g.

C. Left-Invariant Coordination

Left-invariant coordination requires & = &7 Vj, k, which
suggests to use

d
&= D (& &)

j~~k

k=1...N. 4)

Using (1), in terms of the left-invariant variables, (4) becomes

d
6= (Ad

ik

1gjg§.—f,2), k=1...N 6)

thanks to (< Ad,, )¢} = Ad,, [¢},€L] = 0. To implement (4),
agent & must know the relative position g,;l g; and velocity 5;
of j ~ k.

A priori, (5) converges as (3), ensuring global exponential
coordination for uniformly connected G. However, in contrast
to (3), nothing guarantees that (5) can be implemented in an
underactuated setting. At equilibrium, (5) requires

Ady;, (a+ Buj) = a+ Buy, Vj,k, (6)
which, for arbitrary relative positions of the agents, might admit
no solution (uy,usg, ..., uy). This issue motivates the further
study of underactuated LIC in Section V. Similarly, biinvariant
coordination requires simultaneous consensus on left- and right-
invariant velocities. At equilibrium, this means that (6) must
hold with equal controls ug, i.e.,

Ady,, (a+ Bug) = a + Buy,  Vj,k, 7
which also puts constraints on the relative positions of the

agents. For this reason, biinvariant coordination is further
studied in Section IV.
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The cost function Vi = 7, 37 [|Ady, & — Ad,y, €4 || asso-
ciated to (4) is not left-invariant in general (it involves positions
gr), so (5) cannot be a left-invariant gradient of V.

Nevertheless, let G, be the subclass of compact groups
with unitary adjoint representation, i.e., satisfying ||Ad,&|| =
l€ll Yg € G and V€ € g (for instance SO(n) € G,). Itis
possible to define a biinvariant (that is, left- and right-invariant)
Riemannian metric on G if and only if G € G, [48]. Using
the Euclidean metric on left-invariant velocities, as in the
present paper, comes down to using a left-invariant metric, in
accordance with the left-invariant setting. If G € G,, then this
metric is biinvariant, V; = 35, 37, 1€, — Adg-r ¢5]1* and
for fixed undirected G, (5) is a gradient descent for V.

In the following, it is assumed that the agents are controllable.
Obviously, controllability is sufficient for coordination as it al-
lows the agents to reach any position from any initial condition.
However, it is not always necessary, as long as positions com-
patible with (6) or (7) are globally reachable; in particular, for
Abelian groups, all positions satisfy (6) and (7); in that case,
(underactuated) LIC and BIC become trivial.

IV. CoONTROL DESIGN: FULLY ACTUATED
BIINVARIANT COORDINATION

A. Biinvariant Coordination on General Lie Groups

Biinvariant coordination requires to satisfy two objectives,
LIC and RIC, simultaneously. In a first step, assume that the
agents are given a reference right-invariant velocity ", such that
LIC is ensured if each agent applies velocity &} = Adg_klf’". It
remains to simultaneously achieve RIC, which, as previously
shown, involves controlling relative positions. Write a general
controller

G =m+a k=1...N, (8)
where ni, is a desired velocity and gy, is necessary for relative po-
sition control. Thus for the present, 7}, = Adg_k1 &". The question
is how to design g;, in order to achieve BIC. For fixed undirected

communication graph G, inspired by the cost function for RIC,
define

1
Vir(91,92 - gn) = 52 2:”7711c — 57
k j~k
where || || denotes Euclidean norm. V},. characterizes the dis-

tance from RIC assuming that every agent has velocity f,lc =
Ad;klg”. Since (%Adg_kl)n' = —[EL,.Ad;kln] Vn € g, the time
variation of V;,. due to motion of gj, is

By =2y Yol

k j~k

—n}) - [ &1 ©)

where - denotes the canonical scalar product in g, defined with
the Euclidean metric. Thus if ¢ = 0 then L(TltV;fr = 0; a proper
choice of g should allow to decrease V.. Define? the bracket

2In fact {, ) expresses the effect of the Lie bracket on the dual space of g.
It is directly related to the coadjoint representation of GG, commonly used for
mechanical systems; in general, (, ) does not satisfy the Lie bracket properties.
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LIC: agree on £"

vector space consensus in g

RIC: agree on Ad,'¢"

Lyapunov-based control of gj

Fig. 3. Biinvariant coordination as consensus on right-invariant velocity and
Lyapunov-based control to right-invariant coordination.

(,) such that & - (§2,83) + [€1,&2] - &3 = 0 V€1, 6,83 € 8.
Then (9) rewrites £V, = 23~, ijkmé,n}c - né) - g and
the choice

e D (ke = f)

j~~k

Ik = — (10)

ensures that V4, is non-increasing along the solutions:

2

%V”:_QZZ M Y (=) ) <0.

To obtain an autonomous, left-invariant algorithm for biin-
variant coordination, it remains to replace the reference velocity
& by estimates on which the agents progressively agree. Since
the goal is to define a common right-invariant velocity in g, it
is natural to proceed as in Section III-C and use the consensus
algorithm

d
2" =25 =) (11

J~~k
which in terms of left-invariant velocities rewrites

% b= (Ady,m;—m) =[G, k=1...N. (12)
J~~k

Thus the overall controller is the cascade of a consensus al-
gorithm to agree on a desired velocity for LIC, and a position
controller designed to decrease a natural distance to RIC. To
implement the controller, agent k& must receive from communi-
cating agents j ~~ k their relative positions A;; and the values
of their left-invariant auxiliary variables njl- (see Fig. 3).

The following result characterizes the convergence properties
of controller (8), (10), (12).

Theorem 1: Consider N fully actuated agents communi-
cating on a fixed, undirected graph G and evolving on Lie group
G according to (}—ltgk = Lgk*ﬁ,lC with controller (8), (10), (12).

(i) For any initial conditions 7} (0), the % () = Ad,, 0k (t)

exponentially converge to " := 1/N >, n;.(0).

(i) Define

_ 1 i
Ver(gr 92, 9x) := 5y Y Ady '™ — Ady .
k jwk

All solutions converge to the critical set of V.. In
particular, left-invariant coordination is asymptotically
achieved for all initial conditions.

(iii) Biinvariant coordination is (at least locally) asymptoti-
cally stable.

Proof: Regarding convergence, (12) is strictly equivalent
to (11). Therefore, (i) simply restates a well-known convergence
result for consensus algorithms in vector spaces on fixed undi-
rected graphs [26].
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RIC: agree on ¢!

vector space consensus in g

LIC: agree on Ad,, &

Lyapunov-based control of g

Fig. 4. Biinvariant coordination as consensus on left-invariant velocity and
Lyapunov-based control to left-invariant coordination.

Since the 7; converge, (8), (10) is an asymptotically au-
tonomous system; the autonomous limit system is obtained by
replacing 7} = Ad;kln_’“. From the derivation of ¢ in (10),
the limit system is a gradient descent for Vi,.(g1,92,...9n),
which is smooth because the adjoint representation is smooth.
According to [49], the w-limit sets of an asymptotically au-
tonomous system correspond to the chain recurrent sets of the
limit system. From [50] the chain recurrent set of a smooth
gradient system is equal to its critical points. Therefore the
w-limit set of (8), (10) is equal to the critical points of V;,.,
which proves (ii). Biinvariant coordination V;,. = 0 is locally
asymptotically stable as it is a local (and global) minimum of
Vir., which proves (iii). O

Given 7", the region of attraction for BIC is a sublevel-set
where V;,. has 0 as only critical point (in practice, as only min-
imum). Other local minima can involve e.g., the 7}, evenly dis-
tributed on a circular O with G a ring graph (see [38]).

Extensions to varying and directed G can be made with ad-
ditional auxiliary variables along the lines of [19], [21], [51],
[52]: at a first level, consensus algorithms define a desired &'
and a desired ¢", which must be on the same adjoint orbit;
at a second level, cost functions for individual agents ensure
that they asymptotically implement the desired velocities. The
double-consensus part is non-trivial to write in a fully left-in-
variant setting, because ¢! and ¢” must belong to the same ad-
Jjoint orbit. The present paper proposes no explicit design of this
form. For fixed undirected G, an advantage of algorithms with
“double consensus” (¢" and ¢') would be that BIC becomes the
only locally stable equilibrium: interaction-related issues only
depend on the performance of the consensus algorithm, for the
rest the agents behave individually. It is shown in [38] how aux-
iliary variables can be used to build consensus algorithms that
avoid spurious local minima on various spaces.

B. Biinvariant Coordination on Lie Groups With a Biinvariant
Metric

When G € G, i.e., G has a biinvariant metric, the cost func-
tion Vi = Y, 3. kllAdy, & — Ady €5||* can be used for
left-invariant control design.

A natural idea in this context would be to combine the cost
functions for LIC and RIC, writing V; = V; + V., and derive a
gradient descent for V; of the form %f}c = f(&, {f;-, gkflgj :
j ~ k}). However, simulations of the resulting control law for
SO(n) always converge to &&= 0 Vk. A possible explanation
for this behavior is that the gradient controls velocities, not ex-
plicitly positions, while it was shown in Section II that BIC at
non-zero velocity involves restrictions on compatible positions.

Nevertheless, the biinvariant metric allows to switch the roles
of LIC and RIC in the method of Section IV-A, using a con-
sensus algorithm to define a common left-invariant velocity for
RIC, and a cost function to drive positions to LIC (see Fig. 4).
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The RIC consensus algorithm on auxiliary variables asymp-
totically defines a common velocity &! by
d

=D (f =),

I~k

k=1...N. (13)

Then defining the cost function

1
Via(gr,92---9n) = 5 > Nl Ady, n) — Ady, )|

1
=50 > Ml = Ady g |1

k j~k

for LIC and proceeding as in the previous subsection, one ob-
tains controller (8) with

a = <ni, > (- Adgklgjn§)> : (14)

i~k

Theorem 2: Consider N fully actuated agents communi-
cating on a connected, fixed, undirected graph G and evolving
on G € G, according to % gk = Lgk*ﬁ,lc with controller (8),
(13), (14).

(i) For any initial conditions 7, (0), the 7} (t) exponentially

converge to 7! := 1/N Y, 1t (0).

(i) Define Vii(g1,92....9n5) = 3 > ok llAdg nt —
Adg,n'||%. All solutions converge to the critical set of V3.
In particular, right-invariant coordination is asymptoti-
cally achieved.

(iii) Biinvariant coordination is (at least locally) asymptoti-
cally stable.

Proof: The proof is omitted because it is similar to the one
of Theorem 1. (]
The region of attraction for BIC behaves as for Theorem 1.

An advantage of Theorem 2 over Theorem 1 is that control
design is directly extended to underactuated agents. Indeed, (13)
defines a valid consensus velocity ¢! € C = {a+Bu : u € R™}
for underactuated agents provided that 7%,(0) € C Vk. The only
change is that g, instead of the exact gradient descent in (14),
is its projection onto the control range of B:

fi =a+ Bu, = 772 + BBqu.

When ¢! is asymptotically defined with (13), the convergence
argument for asymptotically autonomous systems must be ex-
tended to projections of gradient systems; a general proof of
this technical issue is lacking in the present paper. It is the only
reason to restrict Theorem 2 to fully actuated agents.

Brockett [45] has developed a general double-bracket
form for gradient algorithms on adjoint orbits of compact
semi-simple groups, using the biinvariant Killing metric. The
connection with the present paper is clear: once the consensus
algorithm has converged, the gradient control for agent posi-
tions involves a cost function on the adjoint orbit of ' or 7".
One example in [45] involves minimizing the distance towards
a subset of g; a similar objective will be pursued in Section V of
the present paper (but with a different class of subsets). A main
difference of [45] is its focus on the evolution of variables in g,
making abstraction of the underlying group, while the present
paper actually controls positions of (possibly underactuated)
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agents on G. If G is a compact group and the biinvariant Killing
metric coincides with the left-invariant metric of the present
paper, then (,) = —[,] and control (10) for g; with i, = &”
fixed implies that ni, follows the double bracket flow

2= | | D (i = ) (15)

ok
This is the case among others for SO(3).

C. Example: Biinvariant Coordination in SO(3)

Control laws for coordination in SO(3) abound in the lit-
erature—see among others papers about satellite attitude con-
trol mentioned in the Introduction. Biinvariant coordination on
SO(3) requires aligned rotation axes, and thus synchronizes
satellite attitudes up to their phase around the rotation axis.

The compact group SO(3) has a biinvariant metric, so Sec-
tion IV-B applies. Algorithm (13) is used verbatim, with 77,1c €
R? the auxiliary variable associated to angular velocity w!.. As
mentioned before (15), {,) = —[,] on SO(3). Thus in the fully

?

actuated case, (8), (14) lead to

wi =T+ x [ Y QEQm) k=1...N. (16)

Theorem 2 can be strengthened as follows for specific graphs.
Proposition 4: 1If G is a tree or complete graph, then BIC is
the only asymptotically stable limit set.
Proof: According to Theorem 2, it remains to show that

BIC is the only local minimum of V};. Fixing 7711g = w! Vk,
critical points of V3; correspond to
(Qrw') x Zijl =0 Vk. (17)

i~k

For the tree, start with the leaves c. Then (Q.w') x (Q,w') =
0 where p is the parent of c. As a consequence, (17) for the
parent becomes (Qpw') x (QF w') = 0 where pp is the parent
of p. Using this argument up to the root, all (Qrw') must be
parallel. If the agents are partitioned in two anti-aligned groups,
then moving those groups towards each other decreases V;;; thus
Vi = 0 is the only local minimum. For the complete graph,
(17) becomes (Qrw') x 1 = 0 Vk, where ¢ = Zj Q;w'. This
implies either that all Q,w' must be parallel or that ¢» = 0.
In the first case, further discussion is as for the tree. Rewriting
Vi = N?||w'||* = 3% - 4 shows that ¢» = 0 corresponds to a
maximum of V};. O

Combining trees and cliques can yield more graphs with BIC
as only asymptotically stable limit set. For others, local minima
may exist. Classifying local minima of V}; from graph properties
is an open question.

It is straightforward to adapt (16) for underactuated agents;
a popular underactuation on SO(3) is to consider 2 orthogonal
axes of allowed rotations e; and ey, either controlling both ro-
tation rates, i.e., wfv = uje; +uges, orimposing a fixed rotation
rate around one axis, i.€., wi = e + uses. Both cases are con-
trollable [33], so the Jurdjevic-Quinn theorem [53] ensures local
asymptotic stability of BIC, if n,, = n! Vk is fixed in advance
or agreed on in finite time. A formal convergence proof for the
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asymptotically autonomous case where the 775C follow (13)is cur-
rently missing.

V. CONTROL DESIGN: UNDERACTUATED
LEFT-INVARIANT COORDINATION

Biinvariant coordination may appear as a rather academic ob-
jective, whose motivation in applications is not clear. However,
the methodology developed in Section IV for BIC control de-
sign is instrumental to achieve left-invariant coordination of un-
deractuated agents. The latter is well motivated by practical ap-
plications. Here the role of the cost function is no longer to add
a second level of coordination, but to fulfill the underactuation
constraints. Unlike the academic problem setting of BIC, the
present section explicitly considers the most general setting of
possibly directed and time-varying interconnection graph G.

A. Left-Invariant Coordination of Underactuated Agents

The control design for underactuated LIC is decomposed
in the two steps illustrated in Fig. 5. Analogously to the
biinvariant coordination design of Section IV-A, a feasible
right-invariant velocity is determined by a consensus algo-
rithm. The corresponding left-invariant velocity is enforced by
a Lyapunov-based feedback that decreases its distance from
C={a+ Bu:ueRm}

The consensus algorithm must enforce a feasible right-in-
variant velocity, that is a vector " in the set

O¢ :={Ad,¢ : £ € Cand g € G}.

If O¢ is convex, then it is sufficient to initialize the consensus
algorithm (12) with }.(0) € C. When O¢ is not convex, the
consensus algorithm must be adapted and the present paper has
no general method. Strategies inspired from [38] for compact
homogeneous manifolds may be helpful, as illustrated in the
example below.

Now assuming a known feasible right-invariant velocity £",
the design of a Lyapunov based control to left-invariant coordi-
nation proceeds similarly to Section IV-A.

Define d(n,C) to be the Euclidean distance in g from 7 to
the set C. Let II¢(7) be the projection of 7 on C; since C is
convex, Vn Il (n) is the unique point in C such that d(n,C) =
d(n,Ic(n)) =: |ln — Ic(n)|. Following the same steps as in
Section IV-A, define 7}, := Ad'¢". Writing

¢, =a+ Bup =1c(n,) + B, k=1...N, (18)
the task is to design g € R™ such that asymptotically, g, is
driven to a point where 1)}, € C and g, converges to 0; this would
asymptotically ensure LIC. For each individual agent k, write
the cost function

1 L 1
Vi(gr) = §||Adgk1€ —Te(Ady,'en)|)? = §||77§c — e (mp,) |

where || || denotes Euclidean norm. V}, characterizes the distance
from 7}, to C, that is the distance from LIC assuming that every
agent implements £, = I¢(Ady,'€"). The time variation of V3
due to motion of gy, is

d

Vi = (1, — e (my.)) - n- e (n3.) + Ba]

dt (19)
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Agreement: define
feasible £” € O¢

synchronization on manifold

Implementation: drive
Adglem to C

Lyapunov-based control of gy

Fig. 5. Underactuated left-invariant coordination as constrained consensus
on right-invariant velocity and Lyapunov-based control to left-invariant
coordination.

where - denotes the canonical scalar product in g. To go on along
the lines of Section IV-A, it must hold (n—11¢(n))-[n, Ilc (n)] <
0 Vn € Oc; this condition on Lie algebra structure and con-
trol setting is satisfied for examples below. Then (19) implies
4V < f(n}) - qr, where

(i) = B (i, (f, = Te(ng))) (20)
when identifying g with R™, and a natural control is
o =—f(n), k=1...N. e2))

Note that when Og¢- C C, the position control gy, is unnecessary
and vanishes, yielding simply &}, = Adg’klf’“ Vt.

The overall controller is the cascade of a consensus algorithm
to agree on a desired velocity for LIC, and a position controller
designed from a natural Lyapunov function to reach positions
compatible with underactuation constraints and so to actually
achieve LIC. To implement the controller, agent £ must get from
other agents j ~» k their relative positions Aj; and the values
of their left-invariant auxiliary variables 77;». Since agents only
interact through the consensus algorithm, not through the cost
function, a connected fixed undirected graph is not required:
G can be directed and time-varying, as long as it remains uni-
formly connected (see Fig. 5).

A general characterization of the behavior of solutions of the
closed-loop system is more difficult here because the position
controller is not a gradient anymore. A crucial step for which the
present paper proposes no explicit general solution is the design
of an appropriate consensus algorithm on auxiliary variables.
The other assumptions in the following result can be readily
checked for any particular case.

Theorem 3: Consider N underactuated agents communi-
cating on a uniformly connected graph G and evolving on Lie
group G according to d‘—itgk = Lg,c*f,lc with controller (18), (21)
where f is defined in (20), assuming that VY € Og, it holds
(n—Iec(n)) - [, (n)] < 0. Assume that an appropriate con-
sensus algorithm drives the arbitrarily initiated nfc, k=1...N,
such that they exponentially agree on Ad,, n} — ¢" € Oc Vk,
independently of the agent motions g (¢).

(i) If the agents are controllable, then LIC is locally asymp-

totically stable.

(ii) If, for any fixed n;, = £", bounded V;, implies bounded
7. and f(n},) — 0 implies gr —{g : f(Ad,'n}) = 0},
then all agent trajectories on G converge to the set where
f(Adylen) = 0.

Proof: The overall system is a cascade of the exponen-
tially stable consensus algorithm and position controller (18),
(21) which is decoupled for the individual agents. Assumptions
(n—mc(n)) - [n, m7c(n)] < 0and (21) exactly mean that Vi (gx)
is non-increasing along the closed-loop solutions. Therefore, if
the agents are controllable, Jurdjevic-Quinn theorem [53] im-
plies local asymptotic stability of the local minimum V;, = 0 Vk
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for the position controller. Then the overall system is the cas-
cade of an exponentially stable system and a system for which
Vi = 0 VEk is locally asymptotically stable. Standard argu-
ments on cascade systems (see e.g., [54], [55]) allow to conclude
that V, = 0 Vk is locally asymptotically stable for the overall
system; this proves (i).

To prove (ii), first consider the case where 7;, = ¢" constant
Vk. Then Vj can only decrease, and since it is bounded from
below it tends to a limit; therefore %Vk is integrable in time for
t — +00. For the same reason, V}, is bounded, so according to
the assumption for (ii) ni, is bounded as well; then d? / dt®Vy,
which is a continuous function of nfg, is bounded as well for
the closed-loop system, such that %Vk is uniformly continuous
in time for ¢ — 4-oc0. Barbalat’s Lemma implies that L(l_lt Vi con-
verges to 0, which implies that f(7.,) converges to 0, concluding
the proof. Now in fact 7 varies, it exponentially converges to
the constant ¢” VE. This changes nothing to the fact that V, tends
to a finite limit and d2 / dt?V}, is bounded, so the same argument
applies. O

Condition (n—m¢c(n))-[n, mc(n)] < 0isnotalways true when
a # 0; however, it often holds in practice, as in the following
example on steering control of rigid bodies. For this example,
Theorem 3 is improved by showing that LIC is the only stable
limit set. In general, possible improvements of the local stability
result depend on the geometry of O¢ and related consensus al-
gorithms; particular settings of the literature feature fairly large
regions of attraction (at least in simulations).

B. Example: Steering Control on SE(3)

Left-invariant coordination on SF(3) under steering control
is studied in [19]. The present section shows how the algorithms
of [19] follow from the present general framework. Illustrations
of the algorithms by numerical simulation can also be found in
[19].

Using the notations of Section II-C, the position and orien-
tation of a rigid body in 3-D space is written (71, Q) =: gk,
which is an element of the Special Euclidean group SE(3);
group multiplication is the usual composition law for transla-
tions and rotations, see Section II-C. Then requiring agents to
“move in formation”, i.e., such that the relative position and
heading of agent 7 with respect to agent k is fixed in the ref-
erence frame of agent k, V7, k, is equivalent to requiring left-in-
variant coordination. Moreover, since linear and angular ve-
locity in body frame correspond to the components (vfc7 wi) of
¢!, the problem of controlling each agent in its own frame with
feedback involving relative positions and orientations of other
agents only, fits the left-invariant problem setting described in
Section III. The constraint of steering control—i.e., fixed linear

velocity in agent frame v}, = e;—implies (2) of the form

£ = a+ Bup = (e1,ur) = C = (e1, R®).

Steering controlled agents on S F(3) are controllable [33].
Following the method of Section V-A, write auxiliary vari-
ables k. = (n',,n.,); then Tlc(nk) = (er,nl, ), cost function
Vi = 1/2||n}, — e1]|? and straightforward calculations show
that (19) becomes 4V, = (n., x e;) - g;. This means that

(n—Uc(n)) - [0, e(n)] = 0and f,: = (n,, x e1). Then (18),
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(21) yield the controller

up =1L, +e xn\y, k=1...N. (22)

This is the same control law as derived in [19] from intuitive ar-
guments. If an appropriate consensus algorithm is built, then all
assumptions of Theorem 3 hold, implying local asymptotic sta-
bility of 3-D “motion in formation” with steering control (22);
in fact, [19] slightly improves Theorem 3 by also showing that
globally, LIC is the only stable limit set.

It remains to design a consensus algorithm for the n}. For
this, two cases are distinguished: linear motion w”™ = 0 and he-
licoidal (of which a special case is circular) motion w” # 0. The
first case (almost) never appears from a consensus algorithm
with arbitrary 7}.(0); it can however be imposed by 7., (0) =
0 Vk, which will then remain true V¢ > 0, in order to stabilize a
coordinated motion in straight line.

« If n!, = 0 (linear motion), then 1!, = QFn’, and

Oe,,0) = {(X,0) € R® x R® : ||A]| = 1}. Agreement on
v" in the unit sphere can be achieved following [38], just
achieving consensus in R? and normalizing; in fact nor-
malizing is not even necessary, as it would just change the
gain in (22). This leads to

d l 1 l 1
Envk = Z(QzQJnvg - nvk> — Uk X My

(23)

fork = 1... N, again as in [19].

« Ifnl, # 0, thennly, = Qfnl, and ny, = Qfny) —
(QI'7) x (QT ), and O¢ = {(v+Bx ) : a, B,y €
R3and ||y]| < 1}. Designing a consensus algorithm, that
both achieves agreement on £” € O¢ and can be written
with left-invariant variables, appears to be difficult. Sim-
ilarly to the first case, suitable algorithms can be built if
the overall dimension of the variables used for the con-
sensus algorithm is enlarged with respect to the dimen-
sion of the configuration space. The consensus algorithm
proposed in [19] replaces 775C by three components oy =
nl, € R3, B € R and v, € R? associated with the
vectors «, 3, v used to describe O¢ above; then n,i =
(n%smt i) = (Ve+ Bk X g, ax). The advantage of this em-
bedding 7}, — (a, Br,vk) is that left-invariant consensus
algorithms can be decoupled for the «y, the B, and the .
With the notations of the present paper, the corresponding
consensus algorithm proposed in [19] is

%Ozk = Z(Q{Qja] — ak) —up X Qg
j~k

d

Eﬂk = Z(Q{Qaﬁa - Bk + QZ(TJ- — 7))
ok

—up X B — ey

d
7= D (QEQiv; — ) — wk X

k = 1...N. Comparing left-invariant relative position
g:tgi = (QF (rj — r1),QT Q;) with the terms and fac-
tors appearing in this consensus algorithm, one observes
that the latter is indeed left-invariant. It can be verified
(see [19]) that this algorithm indeed synchronizes the 7, =
Adg, (Vk + Br X ak, ag).
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Remark 3: LIC with 5, = 0 Vk, under steering control re-
quires to align vectors (i e; for all agents. This is in fact equiv-
alent to BIC on SO(3) with n}, = w' = e; Vk. The present sec-
tion thus illustrates the method for BIC on SO(3) for uniformly
connected G (instead of fixed undirected G as in Section IV).

Remark 4: LIC under steering control on SFE(2) is treated
in [20], [21], where numerical simulations of the resulting al-
gorithms can also be found. Like for SE(3), control algorithms
obtained intuitively, with several simplifications due to the lower
dimension, can be recovered with the general method of the
present paper.

In fact, the group structure and control setting of steering con-
trol on SE(2) are such that Vg € SFE(2) and V steering controls
u € R, one has

¢ = Ady¢' = Ady(a + Bu) = a(g,u) + Bu

with a(g,u) L Bu. (24)

On SE(2) explicitly, a + Bu = (ej,u) € R?> x R
and Adg(e;,u) = (Qper — uQr/ar,u), so a(g,u) =
(Qoer — uQr/or,0) and Bu = (0, ). Then LIC automatically
implies equal ug, thus RIC, meaning that underactuated LIC is
equivalent to BIC and imposes the same constraints on relative
positions A ;. This is the case for any group and control setting
satisfying (24).

For steering control on SE(3), LIC is slightly different from
BIC because Adg(er,u) = (Qer + 7 X (Qu), Qu), so (24)
would require (Qu) - (Qe1) = u - e; = 0 which is not true in
general. Therefore, for LIC under steering control the wi, = ug
can differ by arbitrary rotations around e;, while BIC would
require equal w!.

VI. CONCLUSION

This paper proposes a geometric framework for coordination
on general Lie groups and methods for the design of controllers
driving a swarm of underactuated, simple integrator agents to-
wards coordination. It shows how the general framework pro-
vides control laws for coordination of rigid bodies, on SO(3),
SE(2) and SE(3), and allows to easily handle different set-
tings. Formal convergence results are local, but authors working
on particular applications have always observed fairly large re-
gions of attraction (at least in simulations).

Following the numerous results about coordination on partic-
ular Lie groups, various directions are still open to extend the
general framework of the present paper. A first case often en-
countered in practice is to stabilize specific relative positions of
the agents (‘“formation control”). In [20], [21] for instance, the
steering controlled agents on S E(2) are not only coordinated on
acircle, but regular distribution of the agents on the circle is also
stabilized; in the present paper, relative positions of the agents
are asymptotically fixed but arbitrary. The requirement of syn-
chronization (most prominently, “attitude synchronization” on
S0O(3)) also fits in this category. A second important extension
would be to consider more complex dynamics, like those of me-
chanical systems.
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