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Abstract

This paper focuses on the development of inteltigaalti-agent robot teams that are capable of gctin
autonomously and of collaborating in a dynamic esvinent to achieve team objectives. Also it addreske
problem of achieving a global behavior by a grofigimple and autonomous mobile robots. This bedrasén
be achieved by controlling the local interactiomsoag the members of the robot teammates. A newrvisi
based technique in the context of robot format@sktis proposed. There is neither global infornrmatior a
predefined team leader available. Therefore, todifedrent robot formations, a distributed algonitor robot
controller is proposed. A simulated team of robedsed on Webots simulator is constructed to vaidiag
proposed approaches. Different robot formationgeexnents are conducted. Therefore, the resultes shat
the robot teams were able to achieve their objestdespite dynamic changes in the environment andtions
in the capabilities of the team members.
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1. Introduction Section 2 gives a review of related work. SecBon
illustrates the hardware platform for the robots.

This paper addresses the problem of achieving a Section 4 presents the proposed intelligent cdetrol

global behavior by a group of mobile robots. This Section 5 describes the experimental work. Section

problem became of larger interest nowadays as a6 gives a discussion and conclusion.

result of its various important applications. Mabil

sensing networks, cooperative transportation and 2. Related work

mine field exploration are some examples of tasks

that can be assigned to a robot group. Robot Various approaches have been proposed for the

formations comprise an essential part for most of problem of emerging a global behavior for a group

these applications. The paper aim is to concentrate of robots [1, 2]. In [3], a group of simulated ra®o

on developing an intelligent controller for robots are used to perform some robot formations such as

having very simple design so that they could exhibi circles and simple polygons formations. In this kyor

a complex global behavior. The robots are aimed to robots have a global knowledge about the other

self organize themselves to take different geometri robots’ positions. Each robot oriented itself t@ th

formations. furthest and nearest robot. In [4], a group of rbi
The rest of the paper is organized as follows. robot motion was also considered. They used the



matrix formation performing a right turn as an
example. In [5], a formation is defined by a so-
calledvirtual structure(VS). The algorithm assumed
that all robots have a global knowledge; it itewalty
fit the VS to the current robot positions, displdce
the VS in some desired direction, and updated the
robots’ positions. The work in [6] tried to find a
general algorithm for robot formations using local
sensing. Their approach was based on gaining other
robots information via a camera mounted on each
robot. The algorithm depends on constructing an
ordered robots chain using their ID’s. Then using
simple rules, each robot can compute the distance
and angle to be maintained with a friend robotnygsi
a camera as a local sensor complicated the caatroll
which may be simplified if any other simpler
hardware could be used. The work in [7] used the so
called local template by which robots gradually
construct the desired formation. It verifies the
proposed approach for chain formation only. The
main point achieved was the usage of simple Fig. 2. Infrared eye mechanism (all units in meters
hardware for gaining information. Infrared eyes mechanism is used for measuring
Even though the above-mentioned approaches the distance and angle of an infrared transmitter
give a better performance however, some of them relative to a robot. The idea is based on measuring
imply complex sensing mechanisms. Others only the signal strength of the transmitter signal by tw
provide a few number of robot formations. infrared receivers fixed on the robot front as show
The paper work proposes a simple vision in figure2. By knowing the distance between the
approach based on infrared transmitters and reseive receivers both distance and angle of the trangmitte
by which the distance and the angle for neighboring can be determined. The equations that calculate the
robots can be measured. It enables each roboeto se distance and angle will be proved later.
all other nearby robots (although each robot The transceiver is an omni-directional infrared
transmits data using unique frequency). The one. Each robot has a transceiver with unique
controllers are designed such that each robosdtart  transmission frequency and limited communication
follow the first observed teammate. This mechanism range of 0.25 meter. The transmitter is used for
enables the robots to construct the robot chain sending self-identification information as well as
rapidly. Then each robot could compute the friend some useful information to other robots. This is
angle and distance despite of the fact that thenéea  achieved by repeating the information received by

Fig. 1. Collision avoidance sensors arrangement
(all units in meters

not ordered. each robot through its transmitter. By repeating th
data received by the omni-directional receiver, the
3. Hardware platform data can be exchanged between robots even if they

are not within the communication range of each

The hardware platform is divided into four parts. other.
The first one contains the collision avoidance The moving mechanism is based on differential
sensors. The second comprises the infrared eyds use wheels that give a simple way to move forward and
for supporting the proposed vision mechanism. The backward as well as spinning and movement in an
third is the transceiver and finally the differenti arc. The robot main body is a cylinder of 0.09-enet
wheels and the robot body. diameter and 0.08 meter height.

Collision avoidance is based on four distance
sensors arranged on the robot front half as shawn i 4. Proposed System
figurel. The two side sensors help in avoiding sid
obstacles and wall corners as will be illustratethie The proposed intelligent controller is based on
following sections. Subsumption architecture [8]. Figure 3 shows the



robot behaviors. All robots initially exhibit avoahd targ et * mylD

follow behaviors. In this way, they avoid collision No-loop

with obstacles and construct a chain by following t Chain-complete Follow

first observed robot. Each follower will stop o> gtarget 5

following if the leader is followed by another rdabo targ et

so that a chain can be constructed correctly. Each pigiance sensors oo | )ga
VOl

robot sends the number of robots leading it to its
follower so that the final robot joining the chain Chain-complete
could recognize chain completlo_n. When the chalr_1 lam leader —_—> Move in \/‘
completes, the robot at the chain tail sends anchai  Circle complete ~o ; circle

completion message to its leader which in turn

U™

forwards the message to its leader and so on.l¥inal Chain-completé ), v
the chain leader receives this message and S —> Send —)69
recognizes the chain completion. The chain leader Eg;:g?é'tzn nitationt—~e -
starts exhibiting a “move in circle” behavior, afte ] .
chain completion, till the capture of the robottfze Chain-complete & Wanderl_ s
chain tail. Other robots merely continue following. ~ 'amleade  ——— 5 =

When the chain leader captures the robot at thim cha
tail, the robot team actually succeeds in constrgct Differential <
a circle formation having a radius determined kg th wheels
chain leader. The circle formation is a good sigrt

point for many symmetric formations like diamonds,

wedges, polygons...etc. So the chain leader sends adistance to the transmitter. Furthermore, the aofle
message to its follower to start initiating the ik the target robot with respect to observing robot
formation. This message is obviously forwarded to heading can be computed as well. Figure 4 gives a
all robots as previously described. Each robotstar simplified graph by which the calculations will be
computing the formation parametdrzally. These  demonstrated. The received signal strength is

parameters are the distance and the angle to bejnversely proportional to squared distance from the
maintained with its robot teammate to collectively receiver to the transmitter.

construct the desired formation. Some robots need t

Fig. 3. The proposed robot behaviors and thearaution.

exchange their leaders by their followers. The égad - ; A

is then informed that the robot team is ready by Igos(lrlzs,l(g‘i]_r;ﬂ:s(tlrze Ethlhz) ) )O/.?-ZILl) (2)(1)
forwarding a ready message from each robot to the X=1/2-1*cos , 3)
leader. At this point, the leader starts wandesgag Y =Ly*(1-cos® ) (4)
that the following robots could adjust the distance =tan™ (Y /X) (5)
and the angle with their respective leaders. These D=0C+Y)"05 6)

different behaviors are illustrated in details et

following subsections. As shown from the equations after calculating

the distances L1, L2 (using equation (1)) and by
knowing the distance between the two receivdr} (
all what we need can be calculated. As showis

i\ the di b 4 thie the target angle with respect to robot heading@nd
measuring the distance to a target robot and hean s the “gistance between the target and the point

of the target rabot with respect to the observistgt midway the two receivers of the observing robot.
heading. Then through transnational and rotational Figure 5 describes the algorithm proposed for
motions, adeswe_:d distance and angle are maimwtaine following a robot by maintaining a desired target
Measuring the distance and angle of the targettrobo 516 with respect to the follower heading. It also
is based on the infrared eye mechanism previously yaintains a desired distance between the target and
propo_sed. The idea of thIS. mechanlsm is to measureina follower. The proposed approach gives a good
the signal strength of a single infrared transmitte performance in case of small number of robots
with two infrared sensors. By knowing the distance ,oever when the number of robots is increased,
between them, one can accurately calculate the gome problems will arise. The first problem is the

4.1 Follow behavior

The follow behavior is based mainly on



Fig. 4. Calculating the distance and angle of a
friend robot.

interference that will occur at the observing robot
receivers. A solution to this problem is to givelea
robot a unique transmission frequency. On the other
hand the observing robot could switch among the
frequencies of the neighboring robots.

The second problem occurs when two robots try
to follow the same leader. To solve this probldme, t
leader resends the follower ID. So all other robots
will stop following that leader if they did not reige
their ID’s as a consequence for their request.

4.2 Avoid behavior

For the proposed system, the sensors were
distance sensors and the behavior was Cowardice.
The sensors were arranged as shown in figurel. The
relation that connects the sensors to the motors is
written below:

Right speed =Left sensor value/ k1 - left side sensor
value / k2 + (speed - k3)

-Right sensor value/kl - right side
sensor value/k2 + speed

Left speed

If no sensors readings are present then the
equations give the speed that causes a forward
translation with slight curvature. The front diste
sensors readings cause the robot to turn oppasite t
the direction of the nearest obstacle.

4.3 Move in circle behavior

This behavior needs the calculation of two
parameters, the circle radius and the differential
wheels speeds. The arc radius is calculated by
knowing the number of robots and the desired
distance between them. Figure 6 is an illustrative
example for four robots. The same idea can also be
used for n robots. As shown, the radius of theleirc
can be computed from: D

—_ -__ —d
g=2pin 2*sin(g/2)

The differential wheels robot can move in an
arc. As shown in figure 7, if the angular speeds of

the wheels are 4,

N,
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Fig. 5. Follow behavior.

» respectively, then after time t
I1,l, can be computed as:

(7)
(8)

LRt
2 ¥ t=(rc+wg*

li=ry*

lLb=r,*

Where, {, = wheel radiusws= wheels separation

From equations 7,8 we can deduce that:

re=(1.ws)/( 1- 2)

2, I tends to infinity and
2 the

As expected, if ;=
the robot moves in a straight line. But if >
robot moves in an arc with radius r

4.4 Wander behavior

This behavior is also exhibited only by the
leader. The leader starts wandering while the bot
are maintaining the same formation. Parts of the
formation will be damaged when the leader faces a
wall or an obstacle. A solution to this problenbis
sending a swerve message to followers to enforce
them to swerve also. But this will help in case of
smooth turns only. Another way involves changing
the leader to some other robot having no obstacles.
But also this may need reconstruction for some
special formations (usually the non-circular
formations).

4.5 Send behavior

All robots exhibit this behavior periodically to
broadcast their ID’s. Also when chain completes the



If new_ID =1 then
No computation
r Else if (new_IDE n/4+1) Then
4 =45, Oy = const.
Y Else if (new_IDE n/2+1) Then
a=-45, Oy = const.
Else if (new_IDE n*3/4+1) Then
4 =45, Oy = const.

q Else if (new_IDE n) Then
Fig. 6. Computing the radius of four-robot circle. d=-45, [y = const.
w. Fig. 8. Calculating thdesired angle and distance for
2 leader for diamond formation.
m

2 Formation Diamond Wedge
Iteration 1 05:53 min. 05:54 min.
We lteration 2 |  06:42 min. 06:41 min.
T lteraion 3 |  06:02 min. 06:03 min.
Fig. 7. Computing the arc radius of the robot . Iteration 4 | 06:30 min. 06:32 min.
robot at the chain tail starts sending this infarorg Iteration 5 | 03:35 min. 03:34 min.

which is then successively repeated up to the chain
leader. When the leader detects circle formation
completion it sends the formation type to all other om The time required to perform the diamond
robots as well as their new ID’s. The new ID’s areé {grmation is determined. Figure 9 shows the
ordered ID’s. This process aEnaming simplifies developed environment and some successive
calculating the desired distance and angle locally. snanshots from the simulator taken at the indicated
Figure 8 gives the pseudo codes for these {jme points.
calculations, ~for diamond formation.  After The second experiment is the wedge formation.
initializing the formation parameters, each robot The same developed environment and robots are
starts sending a “formation initiation complete” seq to construct a wedge formation. Again the time
message to the leader. After which the leader can required to get the robot formation completed is
wander as previously illustrated. determined. Figure 10 shows successive snapshots
. for the robot team after circle completion till din
5. Experiments wedge formation construction.
) ) ) The diamond and wedge formations experiments
The Webots simulation shell was used to verify haye peen repeated five times at different random
the proposed system. This is a three-dimensional nitia| states. Despite that, in each trial théab
simulation tool with a good graphical interface t0 agm managed to perform the two robot formations,
display the simulation results. Using Webots, rebot | hich conform the robustness of the proposed

are equipped with actuators and sensors for de@Cti 5 gorithm. The time taken for each iteration isvsho
the obstacles and other robots. Besides, behaviori,iaple 1.

modules that map sensor inputs to actuator outputs
[9]. Two experiments are conducted for verifying ou
proposed approaches.

The first experiment is the diamond formation,
in this experiment a team of robots are required to
form a diamond. An environment contains eight
robots are constructed with no obstacles, the sobot
are positioned randomly in a space of 2x2 rseter

Tablel: Time spent for formation construction

6. Conclusions

The paper concludes that the robots were
capable of exhibiting a global behavior namely
constructing geometrical formations using any
number of robots. A new mechanism for vision was



(a) Random initial (b) After 18 seconds

(c) After 3:18 (d) After 5: 36 )

(© (d) o
Fig. 10. (a) to (d) Successive snapshots durirdpee
formation constructions.

[3] K. Sugihara and I. Suzuki, Distributed algont for
formation of geometric patterns with many mobile
robots. J. Robot. Syst., vol. 13, no. 3, 1996, 18%¥—
139.

[4] Q. Chen and J. Y. S. Luh, Coordination and oanbf
a group of small mobile robots. In Proc. IEEE Int.
Conf. Robotics and Automation (ICRA-1994), San

Fig. 9. (a) to (f) Successive snapshots duringidiad Diego, CA, 1994, pp. 2315-2320. _

formation constructior. [5] M. A. Lewis and K.-H. Tan, High precision foation
also introduced and implemented. This mechanism is ~ control of mobile robots using virtual structures.
performed via simple hardware that results in 6 f\l:(tot;]olr:nogisodbots gpl'\/l387_3103,\’/| 1t99'7 A G |
simpler controller design. Even though there is no (6] Jakob Fredslund and Maja J. Mataric, enera
specific leader for the robot teammates and abtob Algorithm for Robot Formations Using Local Sensing
have limited communication range, the proposed

and Minimal Communication. IEEE Trans. On
- : i Robotics and Automation, Vol. 18, No. 5, OCTOBER
approach gives better improvements in the whole

2002, pp. 837-846

system performance. The proposed algorithm is [7] K.N. Krishnanand and Debasish Ghose, Formatiufns
implemented using the well-known simulator

(e) After 5:40 (f) After 5: 53

minimalist mobile robots using local-templates and
“Webots” which offers greater flexibility in robot spatially distributed interactions. Robotics and

hardware design. As illustrated in the conducted Autonomous Systems 53 (2005) 194-213
experiments, the robot team was capable of [8] M.H.Awadalla, Adaptive co-operative mobile rabo
constructing many different geometrical formations. (P;g}giﬁU:]eijle?sitM%n;f;(gggng Engineering  center,
These formations include circle, diamond, wedge Vi o '

geometrical formations.

For further work, the experiments will be
conducted in the presence of dynamic obstacles.
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