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Abstract: This study describes the development of a distributed planning and control strategy for guiding
multiple mobile robots in a leader-follower formation framework, which combines together formation planning,
navigation and active obstacle avoidance in industrial manufacturing environments. A layered formation
control architecture consisting of functional behaviors based on the relative motion states of the robots,
classified into two levels is developed. The supervisor level in the framework handles the higher-level missions
such as formation and inter-robot communication and the lower level deals with the dynamic control of robots
during navigation. Dynamic role switching mechanism through the exchange of leadership 1s mcorporated in
this work to tackle the problem of obstacle avoidance in the follower path. The proposed approach 1s validated
through state based laboratory experiments using commercially available robot research platforms and the

results obtained are discussed.

Key words: Wheeled mobile robot, non-holonomic systems, formation control, leader follower formation,
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INTRODUCTION

A manufacturing environment 1s extensively complex
and inherently unpredictable. With every new product
being designed and manufactured the complexity of
manufacturing technology mcreases. Thus the final
product requires different parts and subassemblies,
manufactured at various levels of the environment with
variation in machimng processes as well as variation in
assembly processes. All of these variations cause
variations n part flows in the manufacturing environment,
which in turn can cause bottlenecks in these part flows.
This is a result of the fact that some machining processes
take more time than others and this causes parts that do
not need to undergo these longer processes to be held up
in the manufacturing line. One possible solution to this
problem is the application of Intelligent Mobile Robots for
handling of material transportation of waiting parts in the
assembly line.

Application of intelligent Wheeled Mobile Robots
(WMR) for material handling in the manufacturing
environment has been the topic of research i the past
decade. Even though researchers have succeeded in
applying mobile robots for material handling purpose in
the shop floor environment, transporting heavy objects in

the assembly line is still a challenge. The dynamical
characteristics of a manufacturing environment impose
particular abilities a mobile robot should have if 1t 15 to
operate on the shop floor efficiently, accurately and
successfully. Consequently, a WMR needs to adapt itself
to everlasting changes. Under such conditions, the use of
multiple WMR in closed defined geometric spatial
pattern/ formation can be a solution for such applications.

One of the essential problems m guiding multiple
mobile robots in such dynamically changing
enviromments enviromments 1s to plan, navigate and
coordinate the motion of robots, avoiding obstacles as
well as each other while transporting the materials/objects
towards the goal. Further it requires the robots to control
their relative position and orientation between them on
the fly. Hence the control of group of mobile robots
performing such tasks requires coordination at
different levels starting from navigation to formation
(Sugar et al., 2001).

A variety of strategies and control approaches have
been adopted in the literature such as the graph theory
(Desa1 et al,2001; Desai, 2002), vector potential
field (Yamaguchi et @, 2001), wirtual structure
(Balch and Arkin, 1998), leader-follower (Lawton et al.,
2003; Chaimowicz et al., 2004; Do and Pan, 2007) and
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behavior-based (Brooks, 1985; Mataric, 1997; Arkin, 1998,
Pirjaman, 2000, Werger and Mataric, 2001; Liu ef al,,
2007, Monteiro and Bicho, 2002) approaches for formation
control of group of coordinated robots, depending on the
specific scenarios. Further, a comprehensive review of
robotic formation, control approaches, their advantages
and disadvantages are given by Chen and Wang (2005)
and Ren ef al. (2007). Among all the approaches
mentioned above, leader-follower approach has been
widely adopted by the researchers in industrial and
military environments.

Even though robots are able to move m a closed
defined formation in the methods found i the literature,
the major limitation is to achieve a stable formation
between the robots in the group in dynamically changing,
unknown env ronments industrial environments filled with
obstacles. Further, in most of the studies found in the
literature, the trajectory of the group leader is specified
and the formation studies between the robots are
concentrated at a higher level. Besides this, robots also
need other capabilities such as to plan their paths to their
particular goal by avoiding collision between them, and
obstacles in the environment of mterest. However,
combining the formation planmng and navigational
capabilities to the group of robots to achieve a stable
formation for efficient transportation of materials in the
complex industrial environment has not been addressed.

Another important challenge for controlling multiple
wheeled mobile robots in a closed defined formation is the
active obstacle avoidance on follower robots, which 1s
necessary for the robots in the team to remain in the
closed defined geometric formation even though they are
perturbed by critical conditions; which is not studied in
detail in the literature. Hence the more challenging and
umportant problem 1s to combine the formation planming
and active obstacle avoidance on the follower path,
because the follower robot needs, not only to perform
obstacle avoidance but also control itself to remam n the
desired formation between the other robots in the group
without losing the material contact it 18 carrying along
with leader.

Inspired by the observations from the literature, our
research objective is to develop a formation framework for
the control and coordimation of group of mobile robots,
which combines together formation planning, navigation
and active obstacle avoidance. Towards this goal, our
contributions are of two fold. First, a layered distributed
control architecture consisting of functional behaviors
based on the relative motion states of the robots,
classified mto two levels 1s developed. The supervisor
level in the architecture handles the higher level
objectives such as formaton and mter-robot
communication and the lower level deals with the dynamic

control of the robots while navigating the environment.
Secondly, to address the problem of obstacle avoidance
in the follower, a dynamic role switching methodology
between the behaviours and robots is incorporated, where
the robots perform different roles in the group
interchangeably. This allows the robot designated as
follower to trade its role with the leader to avoid obstacle
on its path while maintaimng the desired formation. The
proposed approach is validated through experiments
using commercially available Pioneer robot research
platforms.

MULTI ROBOT FORMATION CONTROL

Leader-follower formation control: The main mtention of
this work 15 to consider how to guide a group of mobile
robots in a closed defined formation relative to each other,
while navigating in a dynamic industrial environment. To
perform this collective task, layered distributed control
architecture whose components are the fundamental
behaviours/motion states of the robots, similar to the pack
and homogeneous controller is developed and proposed
as mn Fig. 1. In this layered architecture to achieve the
deswred objective of the formation planmng and
navigation in a distributed manner, the total functionality
of the multirobot system is decomposed into functional
behaviours such as Navigation and Formation, based on
the motion states of the robots as given by Pirjaman
(2000) and Goldberg and Mataric (2001), utilizing the
methodology of the behavior based reactive approach.

The fundamental behaviours/motion states of the
robots are derived based on the advantages of the
behaviour based approach and the objective of the entire
system, and are arranged mto two levels such as lower
level navigation and supervisor level formation, which
works on individual goals concurrently and
asynchronously, which yields the collective task upon
integration. Both these layers and behaviowrs are related
using the priority-based arbitration where the entire sets
of behaviours are swapped in and out of execution for
achieving the goals such as navigation and formation.
Therefore, the robots select a particular behaviour/motion
state, based on the sensory mformation perceived by the
robot sensors from environment during the fly.

A reactive controller made up of simple prepositional
representation comprising of if-then-else model with task
specific sensing, reasoming and planmng 1s used to
formulate the behaviours at the navigational level,
provides the necessary navigational capabilities and deals
with the dynamic control of robots while guiding them in
the environment of mterest. Further, to have the
theoretical formalization and the convergence of the
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Fig. 1: Layered formation control architecture

robots into the desired formation, a closed-loop tracking
controller at the supervisor level formation 1s realized
using the kinematic model of robots employed in the
group in the leader follower model to handle the higher-
level objective of multirobot formation. Referring to
Fig. 1 the rectangles m the architecture represent the
robot sensors, with the sensor values being transmitted
to the behaviors along the long dashed lines. The
behaviors themselves are drawn as rectangles with
rounded comers arranged m three levels of hierarchical
layers namely avoid obstacle layer, explore layer,
supervisor layer. The dotted lines represent the command
signals sent by behaviors to the actuators and the inter
behavior control signals. The arrowheads in the command
lines indicate the priority of the behaviors, which
constitutes the pathway to the actuator. The subsumption
style priority based arbitration scheme is represented by
‘@ with the actuator command coming from upper level
layer taking the precedence. Further, the details on the
selection of layers and behaviors and how they are
formulated are addressed by Goldberg and Mataric (2001),
L1 ef al. (2004), Shao et al. (2005), Chetty et al. (2007),
Dougherty et al. (2004), Stormont and Chen (2005) and
Chetty et al. (2010).

Modeling of formation behavior: Formation behavior 1s
made up of mathematical formulation of tracking controller
based on the kinematics of the non-helonomic wheeled
mobile robot n Fig. 2.

In formation control, the objective of the controller 1s
to find the values of the translational and rotational wheel
velocities v, and w, of the follower robots that the
formation/separation errors (linear and angular) decay
asymptotically to zero and position the follower in the

d
X Xp» X¢

Fig. 2: Kinematic model of robots in leader follower
configuration

desired geometric pattern with its leader. There are two
critical parameters I and ¢ that determine the geometric
shape of the two-vehicle sub system as in Fig. 2.

Let { and I' be the relative and desired linear
separation or it can be considered as the length of the
object/ material it has to transport and @ and @ be the
relative and the desired angular separation between the
robots respectively. To achieve the desired formation the
control has to make [ - * and ¢ -~ ¢ and to bring the
separation and orientation errors asymptotically to zero.
In this case, the control problem reduces to a trajectory
tracking control problem rather than the regulation
problem of the follower, where it plans its path to
efficiently position itself relative to its leader by observing
the leaders mformation Hence a tracking controller is to be
derived for the follower robots to remain in the closed
formation. Therefore the objective of the tracking
controller is to find the values of velocities of the follower
robots as shown in the block diagram represented by
Fig. 3.

In order to formulate the tracking control algorithm to
find out the wheel velocities of the follower, let the
position of the leader and the follower robot in a unit time
as n Fig. 2; be given by X, Y; and X, Y, respectively in
the fixed ground coordmnate system. Let X and Y, be the
position of the reference robot, which is the desired
position to be reached by the follower to remain in a
formation with the desired linear and angular separation
with the leader. The orientation of leader and follower
robots is given by 6, and 6, respectively and the
orientation of the reference robot 0, is same as the
orientation of the leader, which 1s the basic requirement
for the formation platoons.
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Fig. 3: Block diagram of formation controller

The position of the reference robot cannot be found
in the real world.

Hence, based on the kinematic model the position of
the reference robot in the ground frame is obtained as:

X, =v, cos@ +!"sinp® +0, )0,
Y. —vy sinéy, —F cos(p® + 6,)6,, (1)
ér :éL =0,

The position and orientation of the follower robot is
given by:
X; = vy 0080 + wphsin6y
YF =v,8in0; +mheosd, 2
0p = o

After obtaining the error coordinates in the robot
coordinate frame and applying suitable feedback
linearization as given in [xx], the control law for v and w;
is obtained as:

cos0, .’ Si[l((pd +0.)
VF VL
L’JF}: sin@, idcos(tpd+95) L’L,:|

h h (3)
koo
: [ -_%Lj

where, x,and y, stands for the position error between the
desired position i.e position of the reference and the
follower robot in new coordinate system and k, and k, are
positive integers greater than zero. Hquation 3 forms the

kinematic model of the formation control behavior in this
approach.

Obstacle avoidance on follower: One of the most
important problems and the major challenge is the
avoidance of obstacles in the path of the robots
designated other than the leader 1s the major challenge in
guiding the robot group in an unknown environment. To
avoid this problem, a dynamic role switching
methodology based on the exchange of leadership
between the robots 13 incorporated i the above
developed formation control methodology. The principle
behind the switching strategy is that the robot designated
as the leader in the real time takes the responsibility of
guiding the group through the environment by executing
the navigational part of the controller and the robot
designated as the follower follows the leader by executing
the formation controller.

As the follower perceives the obstacle on its path
based on the sensory mformation received from its
sensors, it sends a request packet to the leader to release
the leadership. When the current leader receives the
request of releasing the leadership, it immediately releases
the leadership to the follower, through an explicit inter-
robot socket communication mechanism. Once the
follower attains the leadership, it switches its role from
follower to leader which m tum switches from the
controllers formation mode to the navigational mode and
starts navigating the enviromment as a temporary leader.
In the other side leader robot switches its control to the
formation mode and plans its path to track the temporary
leader 1n the defined spatial pattern until the obstacle has
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Fig. 4 Role of angular separation while role switching
when (a) R1 as leader and R2 as follower, (b) R2 as
leader and R1 as follower

‘Workspacs environment of size 12m X Bm

Fig. 5. Experimental setup of two Pioneer mobile robots in
workspace environment filled with obstacles

been avoided. Under such conditions, the desired linear
separation of the follower remains the same and the
angular separation changes based on the geometric
relationship between the robots as given by Eq. 4 and as
m Fig. 4

(pd=TE+(pd; (Pd<TE (4)

:(pdfTE', q)d >

After avoiding the obstacle, temporary leader
releases the leadership back to the previous leader, starts
executing the formation behaviour, and plans its path
according to the leader. The Follower only leads the
group during short time periods in the fly when it has to

avoid the obstacle present on its path. Therefore, at any
moment during the coordination motion, the robot
performing the leading role can become a follower and any
follower can take over the leadership of the team and
makes the robot controller to exchange their control
modes from navigation to formation and formation to
navigatior, based on their previous roles and sensory
information through explicit inter-robot commurication.
Hence, the dynamic switching roles/behaviours in the
control architecture allow the robots to trade their roles
between them and to actively avoid obstacles on the
robots designated as follower’s path while mamtaming
the desired formation

EXPERIMENTAL DESCRIPTION

In order to evaluate the performance of the proposed
formation control approach, experiments were carried out
with two commercially available Pioneer PADX mobile
robot research platforms, in bidirectional multiple
client-server architecture as in Fig. 5, where, Robot R, is
designated as server/leader and Robot R, as
client/follower performmg the combined task of
navigation and formation. Robot server 1s explicitly
connected to multiple clients such as a remote host and
the follower through wireless TCP/AP communication
protocol.

As mentioned in previous sections, both the robots
involved mn this experiment are identical in their kinematic
model with same set of sensors, actuators and control
algorithm. Communication protocols and the control
algorithm guarantee the assignment of roles and the
coordination between the robots. The robot designated as
leader/server in the team services the control signal and
parameter request from both the clients synchronously
with a frequency of 5 Hz. A synchronous interaction
between the leader and the follower is developed in such
a way that the follower always maintamns the desired
positions and the orentations mdependently of the
leader through the formation behaviour of the control
algorithm.

Two experiments were carried out two measure
the performance of the formation control approach by
making the robot to move to goal in a parallel line
formation assuming the linear separation distance as
the length of the object to be carried from the initial
position to the goal position by navigating the
environments colliding with obstacles in
the environment. In these experiments the

without
robots are
made to carry the object side by side as in Fig. 5.
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In the first experiment, the initial and desired
separation  values are taken as 1000 mm, 270° and
1000 mm, 270°, respectively and both the robots are
employed with the layered control architecture presented
mn section 2. Imitial positions of both the robots in the
coordmate frames are at 0, 0, 0° and O, -1000, 0°,
respectively. The leader 13 made to navigate an
environment of 12m by 10m rectangular workspace filled
with  rectangular obstacles of size 200x180 mm and
550400 mm as in Fig. 3. Leader velocities are fixed at
160 mm sec™' and 4° sec™, obstacle distance of 800 mm
and safe wander time of 5 sec and the follower is made to
follow the leader with the desired separation and
orientation as mentioned earlier.

Further, experimental study on dynamic switching of
roles 1s carried out to test the performance of the
approach to have active obstacle avoidance mn the
follower path and to measure formation convergence,
even though 1t 1s disturbed by the perturbation.
Experiment is conducted in the similar environment
utilised in the third experiment and the initial and desired
separation values are taken as 1019 mm, 258° and
900 mm™', 270°. Tn this experiment, both the robots are
employed with the same control configuration, having the
capability to perform both navigation and formation. The
results on the above experiments are reported in detail in
the next section.

RESULTS AND DISCUSSION

In this section, the behavior of the hybrid formation
controller through experiments are reported and discussed
1n detail.

Figure 6 to 10 show the results of the experunents
illustrating the good performance of the control algorithm.
For the first experiment, Fig. & shows the trajectory of the
robots 1 the parallel line formation, where the leader robot
navigates the environment by switching between safe
wandering, avoid obstacle behaviours marked as “S°, ‘O,
respectively whenever 1t perceives the
mnformation from the enviromment
performance of the formation controller 13 also observed
from Fig. 6, where follower tracks the behaviour of the
leader form its initial linear and angular separation and
remains in the desired formation relative to the leader
throughout the workspace. Tt also shows that, the
formation controller minimizes the separation error to zero,
keeping the robots in the tight-coupled formation in the
environment filled with obstacles.

Figure 7 shows the orientation plot of the above
experiments, where it can be observed that the tracking

obstacle
Moreover the

: Leader (R)) )
]000_ --------- Desired position S
——— e Follower (R,) . o
0

. -10007 linear separation (7)=1000mm "'

€ T angular separation (0%)=202°
g | "
Z <2000 Initail position .
£ Leader (R= 0,0 ;
> _3000: Follower (R,)=-1121-591 i
-40004
-50004

T T T T T T T T 1
2000 4000 6000 8000
X-Pos(mm)

00+——————
46000 -4000 -2000 0
Fig. 6: Trajectory of the two robots in parallel line

formation with leader in wander mode

250 7 — Leader (R)
]~ Follower (R)

Orientation (deg)

T
0.0 4.0x10"

T T T T 1
8.0x10° 1.2x10° 1.6x10°

Time (msec)
Fig. 7: Orientation of robots in parallel line formation

controller makes the follower to remain in the same
orientation with the leader throughout the fly, making the
system suitable for transporting objects from one location
to the goal m the dynamic industrial enviroruments.
Figure 8 and 10 shows the experimental results on
dynamic switching of roles, carried out to test the
obstacle avoidance mn the follower path. Figure 8 shows
the trajectory of leader and follower robots performing the
combined task of navigation, formation and obstacle
avoidance where 'Q)' represents the obstacles in the path
of the robots and the dotted rectangles represents the
switching of roles and leadership between the robots to
reach the desired goal Figure 9 shows the
behavioural/state output of the robots R, and R; involved
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in the experiment Initially, robot R, is designated as the Robort R,
leader and leads R, which follows the motion of the leader 5
inthe parallel line formation with the desired separation = -‘E
of 800 mm and 270°. At t=8.4 and 26 sec, follower
o s
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parallel line formation Fig. 9: Behavioral/state outputs of the robots
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Fig. 10: Formation plot of robots experiencing obstacle avoidance on both leader and follower robots in collateral
formation
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Table 1: Formation errors

Input parameter for leader robort R,
K, K;=0.5515; ICC/ICR of 2.3 m; V=160 mm sec ;; w =45

% Error (mean value before and after switching of roles)

SL.No.  Formation topology £ (mm™Y iy (deg) 9, (deg) [l (mm~!) | - | (deg) 1 Q 8
1 Paralell 900 270 1.5 22 1.6 2.4 0.60 0.45
2 Paralell 900 270 2.0 18 1.0 2.0 0.40 0.50
3 Paralell 1000 90 2.0 12 0.6 1.2 0.70 0.70
4 Paralell 1000 90 1.0 16 1.0 1.6 111 0.30
5 Collateral 1000 202 2.0 48 1.0 4.8 0.50 0.55
6 Collateral 1000 135 2.0 30 2.0 3.0 1.50 0.50
7 Collateral 1000 157 1.0 46 2.0 4.6 1.26 6.00
Mean value error 2.81 0.82 0.70
finds the obstacle on its path, request for exchange of CONCLUSION

leadership with the leader, acquires the leadership and
performs obstacle avoidance on its path. After avoiding
the obstacle, robot R; relinquishes the leadership back to
the leader at t =14 and 30 sec. This can be clearly
observed from Fig. 9, where the role switching behaviour
takes precedence which
avoidance behaviour present in the control architecture of

intern  activates obstacle
robot R,. This clearly mdicates that at any moment during
the coordinated motion, the follower robot, which
experiences obstacle on its path, can take over the
leadership from the leader and the robot performing the
lead role can become a follower by switching their
leadership between themselves.

Figure 10 shows the variation in the linear and
angular separation errors, where the robot R, performs
obstacle avoidance on its path by switching its roles with
R, and preserves the formation by adjusting its angular
separation as given by Eq. 4. It 1s also observed; that the
formation controller takes 9 sec to settle in the desired
formation with the leader and the formation errors is
estimated to be less than 1.4 and 0.5% in both linear and
angular separation between the robots.

Further expeniments have been carried out to measure
the convergence of formation between the robots in
various formation topologies, which can be used, for
carrying the objects from the initial position to the goal
position with more mumber of robots. In this experiments
the Instantaneous Centre of Curvature (ICC) of the leader
robot is taken as 2.3 m with the desired linear separation
of 1000 mm and the desired angular separation 1s varied
around the leader to form various formation topologies
such as one half of the collateral, wedge shaped and a
in-line formation and the formation errors are recorded as
given in Table 1. Tt is observed from Table 1, that the
formation error 13 estimated as +1.76% in linear separation
and+0.25% in angular separation and the maximum
formation error 1s at the wedge and m-line formation, when
the desired angular separation is at 157°, 202° and 180°.

A layered formation framework for the control and
coordination of group of mobile robots, combining
together formation planning, navigation and active
obstacle avoidance 1s developed in this work. The
combmed advantages of the behaviour based reactive
approach and the leader-follower formation approach is
utilized in this framework. Two separate controllers such
as a closed-loop tracking controller and the behaviour
based reactive controller are used to provide the
formation and navigation capabilities to the robots.

Dynamic role switching mechanism through the
exchange of leadership 1s incorporated m this work to
tackle the problem of obstacle avoidance m the follower
path. Laboratory experimental studies were carried out,
and the results are presented in this study. Experimental
results validate the performance of the proposed
approach to combine formation planmng, navigation and
obstacle avoidance in the multi-robot systems applied to
the tightly coupled tasks.

Our futwre work will be on conducting the
experiments carrying a real object in the real dynamic
industrial obstacles. The
switching control strategy between the behaviours and
robots many interesting questions
deadlocks between the robots when they exchange the

environment filled with

arises such as
leadership. There are many cases to be solved to answer
this deadlock phenomenon. Our future work will also
extend mto the 1ssues to overcome the deadlock situation
i the multi robot systems through simulation and
experimentation studies.
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