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Abstract: This paper introduces the notion of formation input-to-state stability in order
to characterize the internal stability of leader-follower formations, with respect to inputs
received by the formation leader. Formation ISS is a weaker form of stability than string
stability since it does not require inter-agent communication. It relates group input to internal
state of the group through the formation graph adjacency matrix. In this framework, different
formation structures can be analyzed and compared in terms of their stability properties and

their robustness.
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1. INTRODUCTION

Formation control problems have attracted increased
attention following the advances on communication
and computation technologies that enabled the de-
velopment of distributed, multi-agent systems. Direct
fields of application include automated highway sys-
tems (Varaiya, 1993; Swaroop and Hedrick, 1996;
Yanakiev and Kanellakopoulos, 1996), reconnais-
sance using wheeled robots (Balch and Arkin, 1998),
formation flight control (Mesbahi and Hadaegh, 2001;
Beard et al., 2000) and sattelite clustering (Mclnnes,
1995).

For coordinating the motion of agroup of agents, three
different interconnection architectures have been con-
sidered, namely behavior-based, virtual structure and
leader-follower. In behavior based approach (Balch
and Arkin, 1998; Lager et al., 1994; Yun et al., 1997),
several motion premitives are defined for each agent
and then the group behavior is generated as aweighted
sum of these primary behaviors. Behavior based con-
trol schemes are usualy hard to analyze formally,
although some attempts have been made (Egerstedt,
2000). In leader-follower approaches (Beard et al.,
2000; Desai and Kumar, 1997; Tabuada et al., 2001,

Fierro et al., 2001), one agent is the leader of the
formation and all other agents are required to fol-
low the leader, directly or indirectly. Virtual structure
type formations (Tan and Lewis, 1997; Egerstedt and
Hu, 2001), on the other hand, usually require a cen-
tralized control architecture.

Balch and Arkin (1998) implement behavior - based
schemes on formations of unmanned ground vehicles
and test different formation types. Yun et al. (1997)
develop elementary behavior strategies for maintain-
ing a circular formation using potential field meth-
ods. Egerstedt and Hu (2001) adopt a virtua struc-
ture architecture in which the agents follow a vir-
tual leader using a centralized potential-field control
scheme. Fierro et al. (2001) devel op feedback lineariz-
ing controllers for the control of mobile robot forma-
tions in which each agent is required to follow one
or two leaders. Tabuada et al. (2001) investigate the
conditions under which a set of formation constraints
can be satisfied given the dynamics of the agents and
consider the problem of obtaining a consistent group
abstraction for the whole formation.

This paper focuses on a different problem: given a
leader-follower formation, investigate how the leader
input affects the internal stability of the overall for-



mation. Stability properties of interconnected systems
have been studied within the framework of string
stability (Swaroop and Hedrick, 1996; Yanakiev and
Kanellakopoulos, 1996). String stability actually re-
quires the attenuation of errors as they propagate in
the formation. However, sting stability conditions are
generally restrictive and generally require inter-agent
communication. It is known, for instance (Yanakiev
and Kanellakopoul os, 1996) that string stability in au-
tonomous operation of an AHS with constant interve-
hicle spacing, where each vehiclereceivesinformation
only with respect to the preceding vehicle, is impos-
sible. We therefore believe that a weaker notion of
stability of interconnected system that relates group
objectives with internal stability would be useful.

Our approach is based on the notion of input-to-state
stability (Sontag and Wang, 1995) and expl oitsthefact
that the cascade interconnection of two input-to-state
stable systems is itself input-to-state stable (Khalil,
1996; Krstic et al., 1995). This property allows the
propagation of input-to-state gains through the for-
mation structure and facilitates the calculation of the
total group gains that characterize the formation per-
formance in terms of stability. Formation ISS is a
weaker form of stability than string stability, in the
sense that it does not require inter-agent communica-
tion and relies entirely on position feedback only (as
opposed to both position and velocity feedback) from
each leader to itsfollower. We represent the formation
by means of aformation graph (Tabuadaet al., 2001).
Graphs are especially suited to capture the intercon-
nections (Tabuada et al., 2001; Fierro et al., 2001)
and information flow (Fax and Murray, 2001) within
aformation. The proposed approach providesameans
to link the formation leader’s motion or the external
input to the internal state and the adjacency matrix of
the formation. It establishes a method for comparing
stability properties of different formation schemes.

The rest of the paper is organized as follows: in sec-
tion 2 the definitions for formation graphs and for-
mation input-to-state stability (1SS) are given. Section
3 establishes the ISS properties of an leader-follower
interconnection and in section 4 it is shown how
these properties can be propagated from one formation
graph edge to another to cover the whole formation.
Section 5 provides examples of two stucturally differ-
ent basic formation configurations and indicates how
interconnection differences affect stability properties.
In section 6 results are summarized and future re-
search directions are highlighted.

2. FORMATION GRAPHS

A formationisbeing model ed by means of aformation
graph. The graph representation of aformation allows
aunified way of capturing both the dynamics of each
agent and the inter-agent formation specifications. All
agent dynamics are supposed to be expressed by lin-

ear, time invariant controllable systems. Formation
specifications take the form of reference relative posi-
tions between the agents, that describe the shape of the
formation and assign roles to each agent in terms of
the responcibility to preserve the specifications. Such
an assignment imposes a leader-follower relationship
that leads to a decentralized control architecture. The
assignment is expressed as a directed edge on the
formation graph (Figure 1).
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Fig. 1. An example of aformation graph

Definition 2.1. (Formation Graph). A formationgraph
F = (V,E,D) isadirected graph that consists of:

o Afiniteset V = {v,...,v;} of | verticesand a
mapping v; — TR" that assignes to each vertice
an LTI control system describing the dynamics
of aparticular agent:

wherex; € R" isthe state of the agent accociated
with vecticev;, u; € R™ isthe agent control input
and A, € R™" B, € R™™M s a controllable pair
of matrices.

e A binary relation E C V x V representing a
leader-follower link between agents, with (v;, v;) €
E whenever the agent associated with vectice v;
isto follow the agent of vj.

o A finite set of formation specifications D indexed

by the set E, D = {dij}<v_ v )eE" For each edge
i

(V,Vj), dij € R", denotes the desired relative
distance that the agent associated with vectice v,
has to maintain from the agent associated with
agent v;.

Our discussion specializesin acyclic formation graphs.
This implies that there can be at least one agent v,
that can play therole of aleader (i.e. avectice with no
outgoing arrow). The input of the leader can be used
to control the evolution of the whole formation. The



graphisordered starting from the leader and following
a breadth-first numbering of its vertices.

For every edge (v;,v;) we associate an error vector
that expresses the deviation from the specification
prescribed for that edge:

Z; =X =% —djj € Ry
The formation error z is defined as the augmented

vector formed by concatenating the error vectors for
all edges (v;,v;) € E:

Zé [Ze]eeE

A natural way to represent the connectivity of the
graph is by means of the adjacency matrix, A. We
will therefore consider the mapping E — R'*! that
assigns to the set E of ordered vertice pairs (v;,v;) the

adjacency matrix Ag € RI*!,

Our aim is to investigate the stability properties of the
formation with respect to theinput u, of the formation
leader. We thus need to define the kind of stability in
terms of which the formation will be analyzed:

Definition 2.2. (Formation I nput-to-State Stability). A
formation is called input-to-state stable iff there is
aclass .#.¢ function B and a class % function y
such that for any initial formation error z(0) and for
any bounded inputs of the formation leader u (-) the
evolution of the formation error satisfies:

12O < B(1z0)]],t) + V(?il?lluLll) @

By investigating the formation input-to-state stability
we establish a relationship between the amplitude of
the input of the formation leader and the evolution of
the formation errors. This will provide upper bounds
for the leaders input in order for the formation shape
to be maintained inside some desired specifications.
Further, it will alow to characterize and compare
formations according to their stability properties.

3. EDGE INPUT-TO-STATE STABILITY

In the leader-follower configuration, one agent is re-
quired to follow another by maintaining a constant
distance, X; —x = d;;. If agent i is required to follow
agent j, then this objective is naturally pursued by
applying afollower feedback control law that depends
on the relative distance between the agents. For x; =
Xj — g, jto be an equilibrium of the closed loop control
system:
% = AX + B

it should hold that A(x; —d;;) € #(B;); otherwise
the follower cannot be stabilized at that distance from
its leader. Suppose that there exists an e i such that
Biej; = —Ai(X; —d;;). Then the following feedback
law can be used for the follower:

U =Ki(x; =% —dj) +&;

leading to the closed |oop dynamics:
% = (A —BK) (% —X; +dj)

Then the error dynamics of the i-j pair of leader-
follower becomes:

z; = (A —BK;)z; +X
which can be written, assuming that agent j follows
agent k:

z; = (A —BK;)z; +g;; 2
whereg;; £ —(A; - BjK;)z,.
The stability of the follower isthus directly dependent
onthematrix (A; —B;K;), the eigenvaluesof which can

be arbitrarily chosen, and theinterconnectiontermg;;.
The interconnection term can be bounded as follows:

i < Am(A; = BjK)) |zl
where Ay, (-) is the maximum eigenvalue of a given
matrix.

If K; is chosen so that A; — B,K; is Hurwitz, then the
solution of the Lyapunov equation:

R(A ~BK;)+ (A~ BK)TR = -

provides a symmetric and positive definite matrix P;
and anatural Lyapunov function candidateV; = x' Px;
for the interconnection dynamics (2) that satisfies:

Am(POIXG < Vi < A ()1l

where Ay (-) and Ay, (-) denote the minimum and max-
imum eigenvalue of a given matrix, respectively. For
the derivative of V;:

Vi < _||XiH2+2/\M(Pi))‘M(Aj — B Ky 1% 1]zl
<—(1-8)lIx[*<0

for al ||| > 2uCAABE), 0 where 6 €

(0,1). Viewing (2) as a perturbed system:

A(P)

701 < (34 ) Tl
2(An(P))2 Ay (A — BK))
(Am(P))20

Equation (3) implies that (2) is input-to-state stable
with respect to ||z;, || asinput and

[1Zjl

B(r,t)=rBe FuAl 3)
Vi(r) = yr 4
where
n )‘M(P|) 2
A= (Amm))
_ 2(M(R) Ay (A~ BiK))
' (Am(R))20



4. FROM EDGE STABILITY TO FORMATION
STABILITY

Animportant property of input-to-state stability isthat
it is preserved in cascade connections. The property
allows propagation of |1SS properties from one agent
to another, al the way up to the formation leader.
This procedure will yield the global input gains of
the leader and give a measure of the sensitivity of the
formation shape with respect to the input applied at
the leader.

In the previous section it was shown that under the
assumption of pure state feedback, a formation graph
edgeisinput-to-state stable. The gain functionsfor the
cascade interconnection

X = f1(t,x3,%,U)
XZ = fZ(taX27u)

aregiven as.
B(r,t) =By (2B, (r, )+2V1(2132(r0)) )
+Y1(2B5(r, ))+Bz(ft)
y(r) = B(2y% (2y,(r )+2r),0)
Y1 (2y5(r) +2r) + yo(r).

From the general expressions and (3)-(4) the leader |
- follower i composite I SS gains become:

R —— _ 18,
B(rt) = (2[5i e Pl +4yB e T
_ —"t
+2yiBe ) +[5e P )>r
Vi (1) = (4B, + 4BV + 20, + 2%+ 7 ) 1
Based on the above we define:
B_ij éBij(lvo)ZZB_iz‘FL"ViB_iEj_"ZViEj +Ej
Vi = (1) = 4By, +ABY + 2%y, + 2%+,

Although the B;; function for any connected i, j ver-
tices on the formation graph has to be calculated
through successive compositions, the y;; function can
be algorithmically calculated:

Let a; bethei row of the n x n adjacency matrix A of
the formation graph, F = (V,E, D). Define:

Pl BT PG
and for the k+ 1 iteration | et

Ek+1é [Efﬂ _rl1<+1}T

e b—)lurl %H}T

be given recursively as:

)

V=Y +n, b,

where

Bk+1 _ Bk + nnkalZ?

ok =2(2a, B, VYV «+2a, B,
+an PVt 81 V),

ch = 2(2a, B a, VB« + 23,V Br
+a,_,8Y)

The algorithm terminatesin at most n— 1 steps, since
this is maximum path length in a directed acyclic
graph with n vectices. It resultsin a y vector contain-
ing the formation | SSinput gains of each agent. These
are the gains that express the sensitivity of the forma-
tion stability with respect to the dynamic interaction
at each agent due to interconnection. Thus if agent i
follows agent j, then the steady state of the formation
errors, (z, )ss of all edgesk between the descendants of
agent i is bounded:

1(Z)ssll < %1zl

The steady state error for the whole formation will
then be bounded by a linear function of the norm of
the leader’s velocity:

Zssll < Va5

5. EXAMPLES

Consider the case of three agents where one is as-
signed to be a leader of the formation and the other
two have to be followers. Denote the leader by v, and
the followers by v;, i = 2,3. Suppose that the task is
for v, to follow v, keeping a constant distance d and
v, to follow v, keeping the same constant distance d

(Figure 2).
()

()
A simple one dimensional model of the formation

Fig. 2. Seria interconnection
could be given as:

X, =

Xy = K(d +X; — X5)

Xg = K(d + X, — X3)
where x;, i = 1,2,3 are each agent absolute coordi-
nates, u is the leader’s velocity, d is the inter-agent
desired distance, and k is the gain of the feedback law

which is based on relative position measurements. By
achange of coordinates,



L=X
HL=%
Zy=Xg— X, —d

the formation eguations can be written as:

—X —d

z=u
z,=—kz,—u
—kz; +kz,

For the 1 — 2 interconnection, a Lyapunov function
candidate could be:

L1
Vo(z,) £ 53

Obviously, 3(2,|? < V,(z,) < 3|2,|2. Then,
V,(2,) = —kz +z,u
Select any 6 € (0,1) and write V, as
V,(z,) = —k(1—8)Z k82 +2,u< —k(1—0)Z,

for |z| > 2Pt 9 € (0,1). Thenit followsthat,

SUp; ¢ |u|

23] < [2,(0) e VA + —2
= Bo(12(0)],6) + yo(suplul)

The ISS input-gain function for agent v,, is

Sup; ¢ Ul
-
Similarly, for agent v; a Lyapunov function candidate
could be:

1
Va(z;) £ 57
and its time derivative would then be

V3(25) = —kB + k22,
For |z|5 > wp%w it follows that
_ SUpr§I|22(T)|
3= ——¢g

Then the formation, as a cascade connection of the
subsystems of agentsv,, and v, isinput-to-state stable

with
6 6ko -+ 6
y(suplul) = kg2 sup|u|

T<t T<t

In the second case, both agents v, and v, are to follow
the leader at designated distances that are d for v,
and 2d for v,. The formation shape is the same as
in the previous case, however the interconnections are
different as reflected in the different formation graphs
(Figure 3).

The formation equationsin this case are;
X, =U
X, = K(d +X; —X,)
X5 = K(2d + X, — X3)

which by a change of variables:

2d

@O@

Fig. 3. Parallél interconnection

4=%
Z, =X, —X; —d
Zy=Xg— %X, —2d

For the same Lyapunov candidate functions used in
the previous casg, it follows that:

1
B, =12,(0 )le 2(1-6x y Y= ko sup|u|

<t

_ - 1
By =z3(0)]e VAN, yy = o suplul

<t

and the input gain for the formation is:

ylsupli) = 1 supl

It can be shown analytically that the second formation
can outperform the first in terms of the magnitude of
relative errors with respect to the leader’s velocity.
Specifically, if we denote by ys the input-to-state gain
of the first interconnection connection and by y the
input-to-state gain of the second interconnection,

% _6+6ko+6 _ 66+6k0+6
sup,Ju ke T k62
6kO+70 6k+7_ 7 _ 2 Yo
k62 k6 ~ kO ~ kO  sup,|ul

6. CONCLUSIONS

In this paper, the notion of formation input-to-state
stability has been introduced. This form of stability
can be used to characterize the internal state of a
formation that has a leader-follower achitecture, and
establishes a link between the motion of the leader
of the formation or its externa input and the shape
of the formation. Formation ISS is a weaker form
of stability than string stability, in the sense that it
does not require inter-agent communication and relies
entirely on position feedback only (as opposed to both
position and velocity feedback) from each leader to
its follower. Moreover, it establishes a link between
the formation internal state and the outside world.
In the proposed framework, different formation struc-
tures can be analyzed and compared in terms of their
stability properties.

Future work is directed towards investigating the ef-
fect of (limited) inter-agent communication on forma-
tion stability and consistent ways of group abstrac-
tionsthat are based on the formation ISS properties.
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