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Abstract— The paper presents the results of experimental vehicles is stated. Section Ill summarizes some theotetica
tests carried out to validate the performance of a decentrated  properties of the decentralized control law to be validated
control law, for the collective circular motion of a team of Section IV presents an overview of the experimental setup

nonholonomic vehicles. The considered control strategy snres dt luate th f f th d trol
global asymptotic stability in the single-vehicle case andocal used to evaluate the performance of the proposed contro

asymptotic stability in the multi-vehicle scenario. The man ~ Strategy. Experimental results are reported in Section V,
purpose of this work is to verify these theoretical propertes in ~ while in Section VI some conclusions are drawn.
a real-world scenario. As a side contribution, a low-cost gxer-

imental setup is presented, based on the LEGO Mindstorms 1. PROBLEM EORMULATION
technology. The setup features good scalability, it is veadile
enough to be adopted for the evaluation of different control Let us consider a group of agents whose motion is

strategies, and it exhibits several issues to be faced in tea described by the kinematic equations
world applications.

T; = wvcosb;
I. INTRODUCTION ) ) )
. . ) Ui = wvsinb; i=1,...,n (1)
Recent years have witnessed a growing interest toward g
) = Uj,

multi-agent systems, due to their potential application in
many different fields: collective motion of autonomous ve
hicles, exploration of unknown environments, surveilanc
distributed sensor networks, biology, etc. (see e.g. (], [

Where [z; y; 0;]) € R? x [-7,7) represents thé-th agent
pose,v is the forward speed (assumed to be constant) and
; , = ) u; is the angular speed, which plays the role of control input
and references therein). Although a rigorous stabilitylysis for vehiclei. Each vehicle is supposed to be equipped with

of multi-agent systems is generally a very difficult taskeeni 5 sensory system providing range and bearing measurements
theoretical results have been obtained both in the case \gf, respect to: i) a virtual reference beacon, and ii) all
linear models ([1], [3], [4]) and in the more challengingis heighnors. Specifically, with reference to théh agent,

scenario of nonholonomic vehicles ([,2]' [5], [6]). On the(p», ~;) will denote the measurements with respect to the
other_ ha.nd, mgst of the prqposed aIgonthms have been tes con, while(p;;, ~i;) will denote the measurement with
only in simulation and relatively few experimental resuits respect to the-th agent (see Figure 1).

be found in the literature (see e.qg. [7], [8], [9]).

The contribution of the paper is twofold. First, it presents
results on the experimental validation of a recently prepos
decentralized control law, for the collective circular mat
of a group of agents [10]. The objective of the team is to
achieve counterclockwise rotation about a reference lreaco y
The considered control strategy ensures global asymptotic
stability in the single-vehicle case and local asymptadtiéc s
bility in the multi-vehicle scenario. As a second contribat
the paper describes a low-cost experimental setup, based
on the LEGO Mindstorms technology, which can be of
interest for the performance evaluation of different cohtr
schemes for collective motion of multi-vehicle systemseTh
adopted technology exhibits some severe limitations,rimse
of computing power, communication resources and actuator
precision, thus making the collective motion problem even
more challenging.

The paper is structured as follows. In Section |l the col- Fig. 1. Two vehicles (triangles) and a beacon (cross).
lective circular motion problem, for a team of unicycledik
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The proposed control law computes the inpuft) as

wit) = falpiv) + Y. fiilpisv)- (3
J#i
j € Ni(®)
where

ky - g(pis b, po) - aa(yi; ) if pi >0
fiv(pisvi) = T
0 if pPi = O,
4)

and

kv - g(pijicosdo) - Ba(viz) if pi; >0
(5)

The functiong,(v;;) has been defined in (2) while, > 0,
e, >1,p0>0,k,>0,¢, >1,dy >0 are the controller
parameters. In particulad is the desired distance between
two consecutive vehicles when rotating about the beacon.

The motivation for the control law (3)-(5) relies in the
region has been chosen as the union of two sets (see Fig{fi€t that each agentis driven by the termy;,(-) towards
2): the counterclockwise circular motion about the beaconlevhi

. . . the termsf;;(-) have a twofold aim: to enforce;; = do
- A circular sector of radiusi; and angular amplitude for all the agentsj ¢ A, and, at the same time, to

2a,, centered at the v_eh|(_:le_. It models th? Presence @lvor collision-free trajectories. Indeed, theh vehicle is

a long range sensor with limited angular visibility (e'g"attracted by any vehiclg € A if p,; > do, and repulsed

A Groulin region around the vehicle of radids which 7 < do: Moreover, the termy(pi c.,do) in (5) is

models a pr%ximity sensor (e.g., a ring of ionars) ar@lways negau_ve fopy; < d, thl.JS pushing the-th agent

B o / utside the circular safety region around th¢h vehicle

plays the role of a "safety region” around the Veh'C|e'and therefore hindering collisions among the vehicles. The
This means that the measuremefpts, ;) are available to  ajm of such combined actions is to make the agents safely
thei-th agent if and only if one of the following conditions reach the counterclockwise circular motion, with distance
is verified: (i) |pi;| < d; and|Ba(vi;)| < aw ; (ii) |pij| < ds, 4, between consecutive vehicles. Notice that the sétsare

fij(pijsvig) = {

Fig. 2. Visibility region ofi-th andj-th vehicle.

where time-varying, which implies that the control law (3) switzh
Yij if 0<v, < every time a vehicle enters into or exits from the regign
Ba(vij) = { v —2m if w< %ﬁj < 2. @) Some theoretical results have been proved for this control

law (see [10], [11]). The first one concerns the single-viehic
The objective is to design the control inputs so that case, and can be summarized as follows.
all the agents achieve circular motion around the beacon, Result 1: Let n = 1. If the control parameterk, ¢, po
with prescribed radius of rotation and distances betweefte chosen such that
neighbors, while at the same time avoiding collisions. In

the next section, a decentralized control law addressiisg th min pg(p;cp, po) > — 32—2, (6)
problem is briefly described (see [10]). P T
then the counterclockwise rotation about the beacon with
[1l. DECENTRALIZED CONTROL LAW rotational radius. defined as the unique solution of
In order to illustrate the considered control law, some Lk 9(pe;cvs po) - T_o
definitions are in order. LetV; be the set containing the Pe 2
indexes of the vehicles that lie inside the V|S|b|||ty reIgMZ and angu|ar Ve|ocityﬂy is a g|0ba”y asymptotica"y stable
of the i-th agent. Define the functions limit cycle for the system (1) with the control law (3).
(c—1)-p+o The above result basically states that in the single-vehicl
g(p;c,0) =1In (67) case, the control law; = f;; results in the counterclockwise
© rotation of the vehicle about the beacon, with a radius
and for every initial configuration.
cali) = Y (t) !f 0<y(t) < . F_or the multi-vehicle case, a sufficient cor!dition _has been
; y(t) =21 if ¥ < (1) < 2. erived which guarantees the local asymptotic stabilitthef

team configurations corresponding to the collective cacul
wherec, ¢ andy € (3, 2n) are given constants. motion about the beacon.



Result 2: Let a, < 7, and assume that (6) holds. If thevehicles. Each agent can easily compute its control input

controller parameters satisfi, < dy < d; and from range and bearing measurements, without any exchange
o do S of information.
=< arcsin( ) < min {—,av} @) Selection of the control law parameters so that the con-
2 2pe n—1 straints (6),(7) and (8) are satisfied, is always feasible.
wheré A detailed discussion on the control parameter design is

dy )} reported in[11].
2pe
then every configuration of vehicles in counterclockwise

circular motion around a fixed beacon, with rotational radiu . . ) . :
' . s . used in the experiments will be briefly discussed. A Lego
pi = pe defined in (7),y; = 5§ andp;; =do Vi=1...n

. L Mindstorms [12] mobile robot team has been built: the robots

andVj € N;, corresponds to a limit cycle for the system (1) : .
with the control law (3). Moreover, if are identical, except for the LED marl_<e_rs position on robots
' ' top, that allow a Centralized Supervision System (CSS) to

¢ = min {ozv , arcsin(
IV. EXPERIMENTAL SETUP
In this section the structure of the mobile robot team

ko <gfu o™ 1 ®) detect their unique identity, and estimate their positiad a
ky = " cp ey —1’ orientation.
then the aforementioned limit cycles are locally asymptoti 1h€ robots have a differential drive kinematics and are
cally stable. driven by two motors, while an idler wheel acts as third

The right side inequality in (7) guarantees that the support (see Figure 4). Hence, they are nonhollonomic vehi-
vehicles can lie on a circle of radius,, with distance cles that can be modglled as _unlcycles according to (1) and
do between two consecutive vehicles and with at least orf@n Pe driven by setting the linear speeand the angular
vehicle that does not perceive any other vehicle. The Idé si SP€€du. The motors drive the wheels with a 9:1 gear ratio,
inequality in (7) ensures that at equilibrium, a vehiclerzan  While the encoders are coupled to the motors with a 1:5
perceive more than one vehicle within its visibility regiond€ar ratio: in this way we get enough torque for the driving
(see Figure 3), i.e. cafd;) € {0,1}. In (7), ¢ represents wheels and a good resolution for encoders (720 ticks per
the maximum angular distaneg; such that the-th vehicle ~Wheel revolution).
perceives thg-th one, when the two vehicles are moving in
circular motion with rotational radiug..

2arcsin (2”!—0
Pe

N

Fig. 4. Mindstorms mobile team.

Every vehicle is controlled by a Lego RCX programmable
brick [13] equipped with a 16-bit 10Mhz H8/3292 Hitachi
processor. The BrickOS realtime operating system [14] al-

Fig. 3. Three vehicles in an equilibrium configuration $girgy condition lows one to run C/C++ programs to control the mo_tors Wit_h
(7). Notice that in this example = arcsin(%i 255 PWM levels, to read sensors and to communicate with

‘ the CSS via an IR serial protocol. BrickOS also defines its
own wireless communication protocol called LNP (LegOS

etwork Protocol [15]).

The RCX uses incremental encoders for wheel speed
control. A two degrees of freedom closed loop controller
is implemented to ensure fast and accurate tracking of the
linear and angular speed provided by the CSS. A PI feed-
Eack control is integrated with a feed-forward action based
n the knowledge of the estimated characteristic between
RCX PWM output and wheel angular speed. Due to RCX
numerical approximations and mechanical dead zones, the

1with a slight abuse of notation, it is meant that= «, whenever vehicles cannot have an angular speed less @tEiwad/s.
dy > 2pe. The maximum linear speed is abdu07m/s.

When (7) is satisfied, there can be several different equili
rium configurations, all corresponding to collective clezu
motion about the beacon. Indeed, there maygbeshicles
with card ;) = 0 andn —q vehicles with car@\;) = 1, i.e.
the equilibrium configuration is made gfseparate platoons.
The limit cases are obviously= 1 (a unique platoon) and
q = n (n vehicles rotating independently about the beacon

It is worth noticing that this control law does not require
exteroceptive orientation measurements, nor labelinghef t



2) Robot identity, position and orientation are estimated
from the extracted isosceles triangles.

3) Since the Lego robots do not have on-board range find-
ers, range and bearing measuremenisy;, pi; i

- with respect to the (virtual) reference beacon and the

> robot neighbors, required by the control law (3), are

use estimated by the software.

Interfacing

- The control law output commands are represented as

floating point numbers, and need to be converted to 16 bit

integers before being sent in order to keep a good precision
for on-robot integer arithmetic calculations. The comnsmand
for all the robots are packed together and sent once for
every sampling time; at the beginning of the experiment
every robot is given an ID number accordingly to its lighting
marker shape, so that when the robot receives the packet, it
recognizes which chunk contains its own data.

At the beginning of an experiment, the robots are given an
ID and placed inside the area framed by the ceiling camera.
Fig. 5. Centralized Supervision System. Then, robots behavior can be stated as follows:

« while no IR packet is incoming the robot remains still;
« when the packet is received, the robot starts to move
The Centralized Supervision System is illustrated in Flg- with Speeds set by CSS and regu|ated by the local
ure 5. A camera fixed on the lab ceiling is used to cap- 2DOFs controller:
ture the motion of the vehicles. Robots are detected in, if no new packet is received within a predefined timeout,
position, orientation and unique identity thanks to LED the robot stops.
lighting markers mounted facing the camera in a isosceles

triangle shape. Image capture and processing, and coawol Ithat samples robot trajectories, to allow for successiva da

|rr;]plim(|entatlor:j are czzrrled out :jn MA;LAB enY'ronTST’analysis. Such a centralized architecture has two main pur-
which also sends speed commands to the team via an &98ses. First, the CSS is used to simulate the presence of

Tower. The IR tower reaches a 10m range and surroundi board sensors, thus allowing for the use of inexpensive

) : d\')%g]icles. Secondly, all the computations can be done on a
by reflection. To interface MATLAB_to a standard Lego USBstandard PC, without overloading the vehicle RCX, which
IR tower a MEX DLL has been written on purpose. is exclusively devoted to the motor control. Nonetheless,
it must be remarked that the tested control law is actually
decentralized. In the experiments, the input of each agent i
computed by the CSS on the basis of the sole measurements

M Image Processing software

Control law

The entire experiment is controlled by a MATLAB script

# . the agent would have access to, if it was equipped with a
- e proper sensory system. Analogously, as far as the contwol la
is concerned, vehicles need not to be distinguishable. They
. * .Y are labelled only for communication purpose.

V. EXPERIMENTAL RESULTS

In this section, results of experimental tests involving
different number of vehicles, are reported. The forwardspe

A1 is set tov = 0.06 m/s. Range and bearing measurements

are extracted from the images taken by the ceiling camera,

2 simulating on-board range sensors (e.g., a laser rangefinde
2 or a sonar ring). To account for sensor limited field of view, a

visibility region like that presented in Section Il is assom
with d; = 1 m andds = 0.3 m. The angular widtha,
Fig. 6. Image acquisition has been set to different values in order to simulate differe
sensors (see Figure 2).

Image capturing and processing can be summarized asin a first set of tests featuring two vehicles with, =
follows (see Figure 6). 7/2 (Experiment A), the following controller parameters
1) A greyscale frame is captured and filtered with dave been used (see Section Il): = 290°, k, = 0.16,

brightness threshold to detect vehicles LED. po =03 m, ¢ =2, k, =03,dy =06 m,c, = 2.
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Fig. 10. Experiment B: Team configuration at different timstants. Dotted
lines represent vehicle paths during the 90 seconds pregedich snapshot.
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Fig. 8. Experiment A: Actual distances, p2 of the vehicles to the beacon
(solid lines) and desired radiys. = 0.6 (dashed line).
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Fig. 11. Experiment B: Maximum deviatidp; — pe| of vehicle distances
to the beacorp;, from the desired radiuge.
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Fig. 9. Experiment A: Actual distancpgi2 between the vehicles (solid
line) and desired ondp = 0.6. Fig. 12.  Experiment B: Actual distancesi2, p3s4 between vehicles
belonging to the same platoon (solid line), and desireddpne: 0.7 (dashed
line).



This choice ofk, and py corresponds to a desired circularchallenging scenario (inaccurate measurements, comawnic
motion of radiusp. = 0.6 m, while dy models a desired tion delays, actuator saturation), promising results Heeen
displacement between vehicles in circular motiord@¥ m. obtained, suggesting that the considered control stratagy
The other parameters have been designed such that the righteffectively applied in a real-world scenario. Moreoviee,

side inequality in (7) is satisfied (the left side inequatign adopted experimental setup provides a cost-effectiveisalu

be neglected in the case of two vehicles, since obviousfgr the validation of different control laws for multi-agen
card N;) € {0,1}). In Figure 7 the vehicle paths (dottedsystems.

lines) of a typical experiment are depicted. Filled trimsgl The enlargement of the experimental area (via multiple
correspond to the vehicle initial poses, while empty trieeg cameras) is currently under development. The mobile team
represent the vehicle poses at the end of the run. Aftervall be upgraded using Lego Mindstorms NXT technology,
transient (whose duration depends on the initial condifionto exploit Bluetooth radio communication and firmware-
both trajectories approach a circle of radips, and the integrated PID servomotor speed control. Future work will
vehicle separation settles abalgt These considerations areinclude the validation of collective motion strategies ase
supported by Figures 8-9, where the agent distances from tbEmoving reference beacon. In fact, the considered control
beacon and the inter-vehicle distance are shown, respctiv law has been designed so that smooth transitions between
One can observe that this control strategy is actually tfiec circular and parallel motion are expected when tracking a
in avoiding collisions, also when considering the finiteesiz beacon with time-varying velocity profile [11].

of the vehicles (roughly enclosed in a circleof m radius).
The effect of the cross termf; in the control law (3), and
the role of the safety regions around each agent are cleariy ﬁ]; é%%%ibzi&o r?én"lriorl;sa:de rﬁ-s i-sir'\l/'OTr?eeéregtOgg?iT%tgnruf;fétgs)
VISIle _'n Figure 7. Wh_en th? vehicles Come_ too close (see Transactions on Automatic gontrol, 48?6):988—1001,9June 2003.
the initial part of the trajectories) the control inputsestéhe  [2] J. A. Marshall, M. E. Broucke, and B. A. Francis. Formasoof
agents away to prevent collisions. vehicles in cyclic pursuit.lEEE Transactions on Automatic Control,

49(11):1963-1974, November 2004.
] N. E. Leonard and E. Fiorelli. Virtual leaders, artificotentials and
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In this paper, the experimental validation of a decentealiz
control law, for the collective circular motion of nonholo-
nomic vehicles, has been presented. In spite of a quite



