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Abstract: The problem of deriving navigation strategies
for a fleet of autonomous mobile robots moving in
formation is considered. Here each:robot is represented
by a particle with a spherical effective spatial domain
and a specified cone of visibility.. The global motion of
each robot in the world space 1is described by the
equations of motion of the robot’s center of mass.
First, methods for -formation generation are discussed.
Then, simple navigation strategies for robots moving in
formation are derived. A sufficlent condition for the
stability of a desired formation pattern for a fleet of
robots each equipped with the navigation .strategy based
on nearest neighbor tracking is developed:. The dynamic
behavior of robot fleets consisting of three or more ro-
bots moving in formation in a plane is studied by means
of computer simulation.

1. INTRODUCTION

In space and underwater exploration,it is of interest
to use fleets of autonomous mobile: robots in place- of
humans. Due to uncertainties in the ‘environment, it is
advantageous  for the robots teo move in a prescribed
formation such that each robot is visible from any other
robot, and they are separated from each other with a
prescribed distance at all times. A fleet of autonomous
mobile robots may also be used in factories with
unstructured environment. These robots may move in
formation from one place to another in the factory to
perform certain tasks. Their‘path is determined by a
designated fleet leader. In both cases, the following
basic questions should be considered: :

(1) How does one derive effective implementable
navigation strategies for a fleet of autonomous robots
moving in formation?

(ii) Given a desired formation pattern for a fleet of
robots with a given navigation strategy for each: robot,
how ' do' the robots interact dynamically in the presence
of perturbations in the robot motions?

In nature, one often observe that large schools of
fish or flocks of birds are capable of maneuvering at
high speeds while maintaining the prescribed formation
patterns - with precision. An understanding of their
navigation methods for moving in formation would be
helpful in providing answers to the foregoing questions.

" In this paper, we consider the problem of deriving
simple strategies for navigating a fleet of autonomous
robots in formation, and study the interaction dynamics
of - these . robots equipped with the derived navigation
strategies. This work is in the spirit of our earlier
studies {11, [2] on the interaction dynamics of multiple
autonomous . moblle robots .in  which each robot |is
represented by a particle with a spherical effective
spatial domain and a specified cone of visibility. In
contradistinction with most of the existing works on
autonomous mobile robots in which the emphasis is on al-
gorithms for path planning in the presence of obstacles
{3]-[6], we focus our attention on the global dynamic
behavior of a fleet of mobile robots consisting of a few
to possibly a few thousand robots moving in formation.

In the development of this paper, we begin with the
basic equations describing the global motion of the
robots. Then various types of formation are introduced.

This is followed by the derivation of various navigation
strategies for robots moving in formation. Then, a
sufficient condition for the stability of the formation
pattern for a fleet of rtobots each equipped with a
particular type of 'navigation strategy 1is obtained.
Finally, the dynamic behavior of robot fleets consisting
of three or more robots moving in formation in a plane
is studied by means of computer simulation.

2. PRELIMINARIES
‘Let R% denote the n-dimensional real Euclidean space.
The .world. space 1is taken to be R with its origin

coinciding with ‘the 'inertial frame whose coordinate
system 1s defined by ‘a. fixed orthonormal basis Bo =

{éx,ey,ez). The represehta{ionbof a poiht r in the world

space with respect to BO is given by (x,y,z).  The inner

product ‘between r and-r’e R® is denoted by -<r,r’> = xx'+
yy’ * zz’ and the Euclidean norm of r by liril. The closed
ball of radius p centered-at r is denoted by Sp(rc) =

{r e R?:Hr-r’u,sb}, and its boundary by 3Sp(rol

We consider a fleet of N mobile robots.
of the mass center of the i-th robot at time t is
specified by rx(t) = x‘(t)ex + yi(t)ey + zx(t)ez. The

effective spatial domain occupied by the i-th robot at

time t is taken to be Z‘(t) = Sp(rx(t))’ where P, is a
1

the

The position

specified radius. Physfcally, ;phgré aSp(rx(t))
. 1

contains the robot’s body such that its peneétration by
other robots is considered as a collision. More
precisely, the i-th and Jj-th robots are said to be

colliding at time t, if Zx(t) and Zj(t) have commor

interior points.  As 'in [1], we assume that each robot
has a vision system whose cone of vigibility-at time t

is defined by T, (t) = S (r (t) n C . (r (t),$),

vi

h (t)
PR

where C

Y u)(rl(t)’¢1) denotes the closed convex cone of
1

revolution with its vertex at rx(t), aperture angle ¢‘,

and axis. of revolution hi(t),defined>by

(r (t), ¢ )=

h t)

{rer:0 = Co's—i[<r-—x‘~i(t)-,hi(t)>/(llr-—r1(t)llllhi(t)ll)]s¢‘}.

(1)
the vector hi(t) corresponds to the heading of
The visibility radius Py
The  j-th robot is said
to be completely visible (resp. visible) the' 1-th
robot at_time t,if Ej(t) c Fi(t)(resp.zj(t) n Fx(t)* ¢).

In this study, attention 1is focused on the global
motion of each robot in the world space. The position
and orientation of the arms and end-effectors are not
considered here. To model the global robot dynamics

Usually,
the i-th robot.

or infinite,and satisfies PLoP-

- may be finite

from
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each robot is taken as a point mass inside its spherical
spatial domain. The equations of motion of the mass
center of the i-th robot are assumed to be describable

by
MF (t) + vF (t) = F (t), (2)
1 1t c
where M1 is the total nmass; the overdot denotes
differentiation with respect to time t; and v, is a non-

negative friction coefficient. For underwater robots,
the term v!ix(t) may correspond to the hydrodynamic

drag; and for space robots, v, may be set to zero. Here,

1 1 1
the control force F' =f' e+ f' e +f' e
c cx X% cy vy cz z

is assumed

to be a piecewise continuous function of t taking its
values in the compact control region:
_ 1 3, 1 P S

Ql = {Fc € R™: Ifcjl = Fc, j X,¥,2}, (3)
where Ei is a specified positive constant.

As in [1], we assume that the robots have no
rigid-body rotation so that the axis of revolution h‘(t)
associlated with the cone of visibility C (rx(t)'¢x)

h (t)
i

of the i-th robot remains aligned with the robot heading
ii(t) at all times. Figure 1 shows the basic features of

a mobile robot under consideration.

3. NAVIGATION STRATEGIES FOR MOVEMENT IN FORMATION

robots in formation can be achieved
We shall consider a few simple

The movement of
in a number of ways.

approaches.
3.1 Nearest-Neighbor Tracking: Here, a robot, say the
first one, is designated as the fleet leader who

reference motion for the fleet denoted by
[0,T]

interval. Let the desired motion for the second robot
(follower) be specified by

specifies a
W1= (ri(t),t € IT), where IT=

is a given time

= + 4

dz(t) rl(t) qz(t)' (4)
where q,= qz(t) is a specified nonzero deviation vector
defined for all t € YT and twice continuously differen-

tiable on E}. Moreover, to avoid the possibility of a

collision Dbetween the two robots, we impose the

constraint that g (t)Il > p. + p_ for all t e TT, where
P, denotes the radius of the ball containing the i-th

robot as mentioned earlier. The second robot tries to
track the motion of the leader such that.the norm of the
tracking error vector

A

Ez(t) = dz(t) ~ rz(t) (5)
is within a specified bound.

The desired motion for the i-th robot,i =z 2, can take
on one of the following forms:

dx(t) = ri_l(t) + ql(t) (6)
or
i
d’(t) = dl_l(t) + ql(t) = rl(t) + £ qk(t), (7)

k=2
where q= ql(t) is a specified deviation vector having
properties similar to those of q, The i-th robot tries

to navigate in such a way that the norm of the tracking
error

E) fa ) -r (8)
is within a specified bound.

Evidently, for any fixed t € TT, the point set P(t) =

(rl(t),
N
+k§2 qk(t)} defines a formation pattern at _time t in the

rl(t) + qz(t), rl(t) + qz(t) + q3(t),.... rl(t)

world space. In the simplest case where ql, {1 =2,...,N

are constant nonzero vectors, P(t) 1is generated by
time-invariant translations of the reference motion Rx

specified by the fleet leader. A more complicated
example is given by rl(t) = ontez; qx(t) = uiCos(w‘t)ex

where v ,
io

i=1,...,N; wi and “i’ i £2,...,N are specified positive
i=2,...,N

+ u‘Sin(wit)ey + vxotez, i = 2,...,N,

constants such that “x+1> [T In this case,

H
as time t varies over ?T, the formation pattern P(t)

sweeps out a set of concentric helixes rotating about
the uniform motion of the leader along the z-axis.

In the case where dl(t) is defined by (6), the motion

of the (i-1)-th robot is taken as the reference motion
for the i~th robot. Thus, if any robot fails to
converge to its desired motion, it would be impossible
for the fleet to achieve the desired formation pattern.
However, this form of dx(t) has the advantage that

collisions between the i-th and (i-1)-th robots are less
likely to occur, since the i-th robot tries to maintain
a specified deviation from the (i-1)-th robot at all
times. When dl(t) is defined by (7), each follower

robot tries to achieve its
monitoring the motion of its previous neighbor.
collision could occur under abnormal conditions.

desired motion without
Thus, a

In more general situations, the deviation vectors
ql(t) could depend on the states of the i~th or the

(i-1)-th robot at time t. For example, if we set q‘(t) =
-8 B, (O)/IF (6)1,

constant, then the i-th robot tries to move directly be-
hind the (i-1)-th robot at 6; distance away. We may also

where 6& is a given positive

consider the case where there are more than one follower
robots which track the reference motion of the fleet
provided by the fleet 1leader. This leads to fleet
formation patterns with many branches as illustrated in
Fig.2. Now, consider the following differential equation
for the tracking error Es of the i-th robot defined in

(8):
. . _ o
MlEl(t) + lel(t) = ngi(t) Fc(t), (9)
where 81(t) is given by

Yy Vl-i . 1
gi(t) = ( ﬁ: - ﬁ:j:]rx—i(t) + gl[qx(t) + v‘q‘(t)]

+ F ol (10)
< - i-1
when d‘(t) is defined by (6); and
X3 viv
gi(t) = dl(t) + ﬁ_dl(t) (11)
1
when di(t) is defined by (7).
Assuming that the visibility radius P, and the

aperture angle ¢1 of the visibility cone of the follower

robots are sufficiently large so that the (i-1)-th robot
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is visible from the i-th robot for all t G'YT' then a
simple navigation strategy for the i-th follower robot
with control region Qi = R~ is given by

i _ ) ’ :
Fc(t) = Mig‘(t) + K11E1(t) + K12E1(t)’ (12)

where X and K  are positive feedbsck gains. In this

case, the differential equation for the*tracking error
Ex’ 2 = i = N, reduces to

' M\Ei(t) + (v,+ Kiz)Ek(t)2+ Kxin(t) = 0. (13)

Evidently, assuming no colllsions, Ei(t)——+ 0 as t—=o.
When di(t) is defined by (6), Ex(t) = rhl(t) ~ ri(t) +
qx(t). In this case, the implementation of (12} requires

a knowledge of the relative position and velocity
between the i-th and (i-1)-th robots, and also the
navigation strategy of the (i-1)-th robot. If
communication between robots is permissible, then the
position, velocity  and navigation strategy of the
(i-1)~th robot could be transmitted to the i-th robot

Otherwise this information must be acquired by other

means. }
(3), the
navigation strategy corresponding to (12) takes on the
modified form:

When the control region Qx is given by

1 o . : =1
Fc(t) = FC SAT((M‘gitt) + Kx1E1(t) + KxaEi(t])/Fc)’
2 =<1i=N, (14)

where

T
SAT (w) [Sat(wl),Sat(wz),Sat(wa)],

(15)

T
w = lw,w,w kL
and Sat(+) denotes the usual saturation function defined
by ’
1 if w> 1,
Sat(w) = { w if Jw| =1,
-1 if w < -1.

(16)

In this case, the differential equation for Ei takes
on the form:
- . -
MiEx(t) + VxEx(t) = ngx(t) FCSAT{(Mig‘(t)
= N.

L =i .
+ KilEi(t) + szEs(t))/Fc}’ 2 =i (17)

The behavior of the solutions of (17) will be analyzed
later.

3.2 Hulti-Neighbor Tracking: Consider a f{leet of N
mobile robots with N = 3. Let the first and the N-th
robots be designated as leaders or guardians of the

fleet. Their motions Rl = (rltt), t € T}} and RN =

{rN(t), t € E;} are taken as the reference motions for
the fleet.
follower robot (1 # 1,N) at any time t € IT may be taken

Here, the desired position for the 1i-th

as the median of the positions of its nearest two

neighbors at time t, i.e.

dx(t) = (ri¢1(t) + rxv1(t))/2' (18)

The tracking error Ex(t) for the i-th robot defined by

(8) is described by the following differential equation:

ME (t) + vE (t) =Mg (t) - Fl(t), 2 =1 =N-1, (19)
i3 i1 171 (3

where

~ _1f.. R D .
g, (t) = Z{rm(t) o () Mi.(»rmt,t) + rH(t))},

: . (20a)
which, in view of (2), can be rewritten as
~ 1 vx+1 Vx V1—1 Vx
gx(t]= —5{{T_ g']r“l(th[ M _‘ﬁ‘)rx-l(t)
141 1 , i-1 1
FS+1(t) Fi—l(t) R
< c
TTH T TH (20b)

1+1 1-1

Here, we may consider the navigation strategy given by
{14) with gx(t) replaced by gi(t). If we use (20a) for

gi(t). the implementation of this strategy requires a

the accelerations of the neighhoring
Alternatively, we could use (20b) for gx(tL

knowledge of
robots.

The implementation of this navigation strategy requires
a knowledge of the velocities and control forces of the

3 Since both F.(t) and F. (1)
depend on gx(t) for 2 < i < N-1, it isAimpossible to
gi(t). This
difficulty can be alleviated by neglecting the terms
involving Fi*l(t) and F:_l(t) in (20b).

neighboring robots.

obtain an explicit expression for

In more general
situations, we may take ds(t) to be the barycenter of k

neighbers of the i-th robot at time t.
identical robots, a follower robot with the foregoing
strategy tries to maintain equal distance from its
neighbors at all times, thus reducing the possibility of
collisions.

For a fleet of

3.3 Inertially Referenced Movements: Here, the formation
pattern P(t) is generated by assigning a desired motion

{gztt);t € YT} relative to the inertial frame for each

robot. As in the previous case, we require that Hai(t)

- ax-1(t)" >p otp for all t e ET so as to avoid

the possibility of collisions between the i~th and
(i-1)-th robots. Thus, each robot tries to navigate
along its own desired trajectory without any - knowledge
of the motions of the remaining robots in the fleet. A
simple navigation strategy for this case is given by
(14) with Ez(t) and gi(t) replaced respectively by -

i-1

~ A~ ~ A 1~
E() 2d ) -r ), g ) 2d (t)« v;ﬁldi(tx

i=1,...,N. (21)

3.4 Mixed Nearest-Neighbor Tracking and Inertially
Referenced Movements: In nearest-neighbor tracking,it is
assumed -that the information on the position, velocity
and navigation strategy of the previous neighbor is
available at all times. For a mobile robot whose vision
system has limited range of visibility, it is possible
that the previous neighbor is temporarily invisible due
to large tracking error, and it is impossible to
determine the relative position and velocity by means of
its vision system. Assuming that communication between
robots is not permissible but the nominal desired motion
of each robot with respect to an inertial frame is
known, then the robot may navigate using the inertially
referenced information. In this case, we have a mixture
of the strategies described in Sections 3.1 and 3.3.

4. FORMATION PATTERN STABILITY

Suppose we are given a fleet of N mobile robots each
having its own navigation strategy and desired motion dx
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= dl(t) defined for t = 0 such that (dl(t), i=1,...,N}

generates a desired formation pattern P(t) for each t.
We introduce an error measure A(t) for the robot fleet
with respect to P(t) as follows:

N 2 A 2 1172
B(t) = [z (o, NE. (1% o 1E (t)0 }]. (22)
feg 101 21 1
where 711 and 7, are specified positive weighting
coefficients. In the case where the formation is

generated by nearest-neighbor tracking as discussed in
Sec.3.1,the summation in (22) is taken over the follower
robots only. Now,we introduce the following definitions:

Def. A given desired formation pattern P = P(t),t = 0
for the robot fleet is said to be stable, if given any
real number € > 0, there exists a & > 0 such that

H(E(O),é(O))H <& = A(t) <¢ for all t =z O, (23)
where E = (El,...,EN) e R*Y and E = (t‘,....éN) e RV,
If in addition to (23), A(t})— 0 as t-—w, then the

desired formation pattern P = P(t), t =z 0 is said to be

asymptotically stable.
In what

follows, we shall derive a sufficient
condition for asymptotic stability of a desired
formation pattern for the case where the navigation
strategies are based on nearest-neighbor tracking as
discussed in Sec.3.1. First, we shall show that under
certain conditions. depending on the robot’s parameters,
the tracking error E1(t) governed by (17) tends to O as

t+w. This task will be accomplished by considering the
nature of the vector field defined by (17) in the
(Ei,Ex)—space.

First, we observe that (17) corresponds to a set of
time-varying nonlinear differential equations of the
form:

.. , =t
MleU + Ve, = ngxj(t) Fc Sat{(ngxj(t)

+ K e N, 3 =x,v,z, (29)

+ K & WFY, 1=2,...
11 1) 12 1) <

1

where eU and gU denote the j-th components of Ex and

£ respectively. ~ Since ng(t) depends only on

ri_l(t),Fi'l(t) and qltt). it can be regarded as a known

input to (24). Clearly, the origin 0 € R® is the unique
equilibrium state of (24) if and only if the components
of gx(t) satisfy
e, (D1 = F‘/Mi, j=xvy,2z for all t. (25)
<

In what follows, we shall derive a sufficient condition
for the asymptotic stability of the desired formation
pattern by requiring the origin of (24} to be
asymptotically stable in the sense of Lyapunov for each
i starting with i = 2.

First, we require that the trajectories of (24) near
the origin be nonoscillatory. This can be attained by

setting wf 4 le/Mx > 0, and

X ,
g % v+ K )/(2eM) > 1 (26)

so that the linearized system about the origin- of R2
corresponding to (24) has negative real eigenvalues
given by ’

o 2 _ 172 - BN Y
AT G - DTN A =g - (g0 - )7 (2T)

The subspaces spanned by the eigenvectors corresponding
to A‘land Aizare given by

s,,= Span [1,{-¢+ (& - 1?10 17,
_ o (RR _ qa1r2
sz_ Span [1,{ Ci (Cx 1)77%}

w17 (28)
Since the equations for the tracking errors of the
follower robots have the same form (24), we shall drop
the super and subscripts i for robot identification in
the subsequent development to simplify the notations.

Let & (t) be the intersection of the negative half-
spaces Hk(t), k = R,L, T and B defined by

H(t) = {u, R%: K,u> F - Mg (t)),

() = {u e R%: K,u > = -F - Mg)(t)),

H(t) = {w e R%: ¢ = &),

Bt) = {w e R%: &2 & (0, (29)
where W= (eJ,éJ)T; K = (Kl,Kz)T‘ The velocities é;(t)

and é;(t) are detefmined by the intersection of Sl and
the lines L)(t) = {w e R2:<K,wj> =F- Mg (t)} and L(t)

= (wj € R2:<K,wj> = —E;—ng(t)) respectively. They are

given explicitly by

&) & afF + Mg (£))/ (K + K} > O,
_ - (30)
éj(t) = Q(Fc- ng(t))/(aK2+ Kl) <0,
provided that
(31)

K+ oK_ >0,
1 2
where o« denotes the slope of the line corresponding to
the subspace S1 given by

A
o =

(v + K -(ws K07 - 2k M) P M) <o (32)
It can be readily verified that (31) is satisfied if and
only if

K 7K < v/M. (33)
12
Moreover, if
K_=#v, (34)
2
12 (33)

then v + K2 > 2(vK2)
implies condition (26).
Fig.3.

Let fj= fj(t,wj) denote the vector field on R° at

for positive v and K2, and
A sketch of 4J(t) is given in

time t corresponding to (24) given by

. = -1
fJ(t,wJ) = [eJ,gJ(t) ~ Fch Sat(ng(t)

+ <K,HJ>) - vM;léJ]T. (35)

The inner product of the vector field fj(t,uj) with

an outward normal at a point on the boundary face ?jk(t)
of Aj(t) (see Fig.3) is given by

-1 -
K £ (tw)> = KM Mg () - F )

-1 -1, -
- 36
+ Kz(Kxxz vM )ej on 9JR(t), (36a)

-1 -
<K, € (t,w)> = K M (Mg (t) + F)

-1 -1,
- - t 36b
Kz(Kle vM )ej on YJL( ), ( )
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T ol .

<(0’1)'f5(t’"j)) = -M {(K2+ v)ej+K1ej} on ?jT(t), (36c)
T -1 ,

<(O,-1).fj(t,w))> =M ((K2+ v)ej+K1eJ) on ?JB(t). (36d)

The

inner products given by (36a) and (36b) are
nonpositive if
-1 -1, = -1
(K1K2 vM )e) = FCM gj(t), (37)
and
-1 I P |
_(K1K2 vM )eJ = FCM + gj(t) (38)

are satisfied respectively. It§can be verified that
under conditions (25) and (33), éj(t) and éj(t) given by

(30) satisfy (37) and (38) respectively. Thus, the inner
products given by (36a) and (36b)} are both nonpositive.
Using (30), we obtain

FT(t) = {(ej,ej):-((FC+ ng(t))/(K1+ aKz) = ej

< x Y[F - T -1
=K [Fc Mg)(t)+ aKZ(Fc+ ng(t))(K1+ GKZ) 1,

é) = éj}. . (39)
F ) = {(ej,éj):~K;1[Fc+ Mg (1)
+ Kaa(fc— ng(t))(K1+ aKZ)_IJ = e,
= (EC— Mg (£))/(K + oK), & = é;>. (40)
By direct computation, we <can verify that under

conditions (25), (33) and (34}, the inner products given
by (36¢) and (36d) are also nonpositive. Thus, under
conditions (25}, (33) and (34), the vector field fj(t,')

at any point on the boundary Bﬁj(t) of dj(t) is directed
toward the interior of &j(t) or tangent to 84 (t)} for
-l J
?j(t) HR(t) n HL(t)
containing Aj(t),the vector field defined by fj(eJ,éJ) =

every t = O. In the strip

[é], -{v + Kz)Mqéj - KlM'lej]T corresponding to (13) is
time—invariant, and under conditions (25), (33) and (34),
the origin (ej,éj) = (0,0) is a stable node in ‘the
interior of AJ(t). From (24), we deduce the following
properties of the vector field fj

Y}(t) (see Fig.3):

outside the strip

For (e ,é ) e RAH:
3yl R

> 0 if (ng(t) - FC)/v < éj< o,

@ v (gj(t)—FcM'l) =01if & =

—de e e

de M .
3 e

(ng(t) - Fc)/v,

-0 if & = o,
] J

< 0 if & >0 or & <(Mg (t)-F )/v;
3 3 3 c

n

R (41)
and for (e ,é ) €R N
33 L

>0 if & <0 or & >(Mg (t)+F )/v,
b b J c

dé¢ v (g (t)+F MY
S IS IS -

de M
b

0if & = (Mg () + F )/v,
3 3 <

+o if € = 0,
3 3

<O 1f0<é < (Mg (t) + F )/v.
] i c

e

(42)
We observe that as g}(t] varies with time, the

boundary of the strip Yj(t) shifts along the ej—axis,and

all the trajectories initiated outside the strip at time
t=0 are attracted to Yj(t) as t increases from O.

Moreover, all the trajectories initiated outside Aj(O)
to ﬂj(t) as t
under conditions (25), (33) and (34),

from O.

all

are attracted increases

Consequently,

trajectories of (24) tend to the origin of R® as t—w
implying that each follower robot appreaches its desired
motion as t-—+«. This implies that the desired formation
pattern is asymptotically stable.

Remark 1: The foregoing result is valid provided that
collisions between robots do not occur during the course
of motion. This is possible if the nmorm #(E(0},E(0))1 is
sufficiently small and the norms of the deviation
vectors q!(t) are sufficiently large.

Remark 2: Since conditions (25), (33) and (34) do not
depend on the specific form of the desired formation
pattern, the foregoing result is valid for the class of

formation patterns such that their corresponding g;s
satisfy condition (25).

The foregoing results are also applicable to the case
of inertially referenced movements discussed in Sec.3.2
by replacing ej and gj by eJ and gj respectively.

5. SIMULATION STUDY

The main objectives of the simulation study are to
determine the dynamic behavior of a fleet of robots each
equipped with the preoposed  mnavigation strategies for
movements in formation based on nearest-neighbor or
multi-neighbor tracking. We consider a fleet of three
identical robots with parameters M‘ = 1, vx = 0.5 and

Fi =1, 1 =1,2,3 (all in appropriate units) moving in

c

the (x,y)-plane. For nearest-neighbor tracking, we let
the first robot be the fleet leader. The feedback gains
K and K12' i =2,3, are set to 1 and 2.5 respectively

szlthat g, = 1.5 and the stability conditions (33) and
(34) are satisfied.

First, we let the deviation vectors ql(t) = (I,O)T, i
= 2,3. In this case, gx(t) defined by (10) reduces to
FONEIM the first robot
(fleet leader) is taken as Fi(t) = (Cos t,Sin t)7, t =

0. Figure 4 shows the robot motion in the (x,y)-plane
starting from the initial positions (xl(O),yi(O)) =

(1,0, (x,(0), y_(0)) = (3,0) and (x,(0), y_(0)) = (5,0)
at t = 0 with initial velocities (*;(0)'9;(0)) = (0,1),

i=1,2,3. It can be seen that the robot motion tends to a
formation such that the x and y coordinates of the robot
positions are separated by 1 and O respectively as
specified by qx(t). Now we exchange the initial

The contrel force for

positions of robots 2 and 3 as given in Fig.4. Figure 5
shows the robot motion for this case. Here, the second
and third robots must exchange positions in order to
attain the desired formation pattern. We observe that a
collision between robots 2 and 3 occurs in the vicinity
of point A. This is due to the fact that the second
robot tries to track the leader without considering the
motion of the third robot. Evidently, for the navigation
strategy (14), collision-free motion is attainable only
for certain sets of initial states of the robots.
Figure 6 shows the robot motions. for the case where the
friction coefficient v, of the first robot is reduced to

0.1 and the deviation vectors q = 0,-1)7 for 1 = 2,3.
Here, the i-th follower robot tries to move alongside
the (i-1)-th robot at a wunit distance away in the
y-direction. The robots are initially at rest with
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positions (Xx(O)’y1(0)) = (4,0), (xz(O).yz(O)) = (0,2)
and (x3(0), y3(0)) = (0,0). It can be seen from Fig.6

that the robot motion tends to the desired formation
pattern with increasing t. Next, we consider the case
where both the second and third robots try to_follow the
leader with deviation vectors q, = (-1,-1)" and q, =

(1,-1)T respectively. Here, the desired formation
pattern at any fixed time is a triangle. The robot
parameters are identical to those corresponding to
Fig.6. Figure 7 shows the robot motion for this case
with all robots starting from rest with initial
positions (X1(0)’y1(0)) = (0,0), (xz(o),yz(o)) = (-2,0)

and (xa(O),ya(O)) = (2,0).

Now we consider a fleet of three robots in which both
the first and thirdirobots are leaders #hose cgntrol
forces are given by Fc(t) = (Cos t, Sin t) and Fc(t) =

(-Cos t, Sin t)T respectively. The second follower
robot adopts the navigation strategy given by (14) with
g‘(t) replaced by §x(t) as defined by (20b), and with

dx(t) defined by (18). Here we assume that the second

robot has full knowledge of the control- forces of both
leaders. Figure 8 shows the robot motion for this case
with all robots starting from rest with initial
positions (xi(O). yI(O)) = (O,O).(xZ(O).yz(O)) = (1.7,0)

and (x3(0), ya(O)) = (4,0). It can be seen that the

trajectory of the second robot tends to the median of
the positions of the leaders as t increases from O.

Finally, we form a fleet of four robots by adding a
follower robot to the previous fleet, and assigning the
first and fourth robots as leaders. In this case,the
navigation strategies for the follower robots given by
(14) with g‘(t) replaced by §x(t) as defined by

(20b), and d‘(t) defined by (18) cannot be obtained in

explicit forms. Here, we assume that follower robots
receive no information pertaining to the control forces
of their neighbors. The robot motion for this case with
all robots starting from rest with initial positions
(xl(O),yl(O))=(0,0), (x2(0),y2(0)) = (2,0),(x3(0),y3(0))

= (4,0) and (x4(0),y4(0)) = (6,0) is shown in Fig.9.

Although the trajectories of the follower robots in the
world space remain in a region bounded by those of the
two leaders, their trajectory points are not equally
spaced between the leaders’ trajectory points as
desired.

6. CONCLUDING REMARKS

In this paper, we have considered a few simple
navigation strategies for mobile robots moving in
formation. These strategies have features similar to
those used by humans in steering land vehicles and
aircraft in formation. Simulation results showed that
the strategies based on nearest-neighbor tracking are
effective when inter-robot communication and complete
visibility of the neighboring robots are maintained at
all times. In the simulation study, we have not
incorporate any collision-avoidance strategies such as
those given in [1] and (2] with the strategies for
moving in formation derived here. Their incorporation
would complicate considerably the interaction dynamics
of the robots.
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1, Ki =2.5, 1=1,2,3. Initial

condiiions:(xl(O),yl(O)) =

(0,0}, (x,(0),v,(0))=(2,0),

(x5(0),y,(0))=(4,0), (x,(0),
YQ(O))=(6,0);(ii(o),9i(0))=
(0,0),1i=1,2,3.



