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Abstract 
Basic issues with a robotic task that requtres multiple mobile robots movtng tn 

formations are to assemble at an initial point in the work space for establishing a desired 

formation, to maintain the formation while tnoving, to avoid obstacles by occasionally 

splitting/deforming and then re-establishing the formation, and to change the shape of 

the formation upon requests to accommodate new tasks or safety conditions. In the 

literature, those issues have been often addressed separately. This research proposes a 

generic fran1ework that allows for tackling these issues in an integrated manner in the 

optimal formation platming and control context. 

Within this proposed framework, a leader robot will be assigned and the path for the 

leader is obtained by utilising a modified A* search together with a vector approach, 

and then stnoothed out to reduce the number of turns and to satisfy the dynamic and 

kinematic constraints of mobile robots. Next, a reference trajectory is generated for the 

leader robot. Based on the formation configuration and the workspace environment, 

desired trajectories for follower robots in the group are obtained. At the lowest level, 

each robot tracks its own trajectory using a unified tracking controller. 

The problem of forn1ation initialisation, in which a group of robots, initially scattering 

in the workspace, is deployed to get into a desired formation shape, is dealt \Vith by 

using a Discrete Particle Swarm Optimisation (DPSO) technique incorporated with a 

behaviour-based strategy. The proposed teclmique aims to optimally assign desired 

positions for each robot in the formation by minin1isation of a cost function associated 

with the predefined formation shape. Once each robot has been assigned with a desired 

position, a search scheme is implemented to obtain a collision free trajectory for each 

robot to establish the formation. 

Towards optitnal n1aintenance of the motion patterns, the path that has been obtained 

for robots in the group by using the n1odified A* search, is further adjusted. For this, 

the Particle Swarm Optimisation (PSO) technique is proposed to minimise a cost 

function involving global n1otion of the forn1ation, with the main objective of 
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preventing unnecessary changes 1n the follower robot trajectories when avoiding 

obstacles. 

A PSO formation motion planning algorithm is proposed to search for motion 

commands for each robot. This algorithm can be used to initialise the formation or to 

navigate the formation to its target. The proposed PSO motion planning method is able 

to 1naintain the formation subject to the kinematic and velocity constraints. 

Analytical work of the thesis is validated by extensive simulation of multiple 

differential drive wheeled mobile robots based on their kinematic models. The 

techniques proposed in this thesis are also experimentally tested, in part, on two Amigo 

mobile robots. 



1. Introduction 

Chapter 1 

Introduction 

N!ulti-robot systems have received a considerable interest in the past few decades due to 

their greatly potential applications . Various applications can be performed faster and 

Inore efficiently with n1ultiple robots than with a single robot. In several applications 

such as underwater and space exploration, robotic execution in hazardous environments, 

mine sweeping, moving large awkward objects and so forth, multi-robot systems can 

deal with tasks that are difficult or even impossible to be accomplished by an individual 

robot [Arai et al., 2002]. Also in many cases, 1nulti-robot systems are much more 

robust and fault tolerant and can be easily deployed to large-scale automation. In this 

context, the control of robotic formations is particularly important in such applications 

as mine sweeping [Healey, 2001 ], tnilitary scout and agricultural coverage tasks [Balch 

and Arkin, 1998], where sensor assets are li1nited. The reason sterns from the advantage 

that each robot in the fonnation concentrates its sensing capability on a portion of the 

environment, while other robots in the forn1ation can cover the rest. In spacecraft 

formation flying, the baseline of scientific instruments placed on the spacecraft is 

increased and these instruments could form a radio-telescope or surface-1napping radar 

array [Schaub et al. , 2000]. Figure 1.1 shows an F/ A-22 Raptor, foreground, flies in 

formation with two F-15 Eagles en route to a training area by the US Air Force. 

This thesis proposes a generic fran1ework for robotic formation planning and control, 

which is defined as the coordination of a group of tnobi le robots to get into and 
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Figure 1. Over The Atlantic Ocean 

(Source: US Airforce 

http://www.acc.af.mil/shared/media/photodb/photos/050405-F-2295B-034.jpg, access 

November 2007) 

a formation with a desired geometrical shape such as a column, a line, a dimnond, a 

wedge or a chain. An introduction of multi-robot systems and the robotic formation 

problem is given in the first section of this chapter. The problem statement and the 

scope of the thesis are presented in Section 1.2. Section 1.3 outlines the contribution of 

the thesis, and finally, Section 1.4 briefly summarises the organisation of the thesis. 

1.1 Multi-robot Systems and Pattern Formation 

The study ofmulti-robot systems has its origin back in the late 1980s [ Arai eta!., 2002] 

where researchers primarily focused on cellular robot systems such as the work reported 

in [Beni, 1988; Fukuda and Nakagawa, 1987], multi-robot motion planning such as the 

work by [ Arai et a!., 1989; Premvuti and Yuta, 1990], and architecture for multi-robot 

cooperation such as the ACTRESS by [Asama et al., 1989]. Since this early research 

stage, the research in this field has grown dramatically with many topics being 
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addressed. According to Arai et al. (2002), seven principle topic areas of Multi-Robot 

Systems are identified as fo llow: 

• Biological Inspirations; 

• Communications; 

• Architectures, task allocation, and control; 

• Localisation, mapping, and exploration; 

• Object transport and manipulation; 

• Motion coordination; and 

• Reconfigurable robots. 

Amongst the issues of multi-robot coordination, the subtask of formation control of 

unn1a1med autonomous robots where the group of robots are required to follow a 

predefined trajectory as well as to n1aintain a certain geometrical motion pattern is 

emerging as one of the key issues that has received intensive research effort over recent 

years. Some typical formation configurations such as a column, a line, a diatnond, and 

a wedge are shown in Figure 1.2, where the arrow denotes the motion direction. 

Formation control has broad applications, for example, security patrols, search and 

rescue missions in hazardous environn1ents, sensor and communication networks, and 

so forth [Donald et al., 2000; Feddema et al. , 2002; al., 2000; Jennings et al., 1997]. 

• cb 
cb cb G 

GGcbGG G GGG G G 
G G G G 
G 
a) b) c) d) 

Figure 1.2: Some typical fo rmation configura tions: column, line, diamond, wedge. 
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In military 1nissions, a group of autonomous vehicles are required to keep in a specified 

fonnation for area coverage and reconnaissance [Balch and Arkin, 1998]. In small 

satellite clustering, formation helps to reduce the fuel consumption for propulsion and 

expand their sensing capabilities. The application of formation control is of particular 

in1portance in such 1nilitary missions, agricultural coverage or mine sweeping [Healey, 

200 1] . In automated highway syste1n (AHS), the throughput of the transportation 

network can be greatly increased if vehicles can form to platoons at a desired velocity 

while keeping a specified distance between vehicles. 

These applications differ in the strictness of the formation constraints. For example, 

while a transport mission requires very tight constraints on the robot pattern to share the 

workload equally among all robots, other applications like reconnaissance and 

surveillance only need the robots to be spread more or less unifonnly over a specified 

area. Son1e tasks like convoying or mine sweeping build on a formation but allow for a 

distortion or partition of the pattern, e.g. while passing obstacles. According to 

[Schneider and Wildermuth, 2003], under the latter condition where constraints on the 

robot pattern are not strictly required, four basic issues can be identified for a mission 

that requires n1oving in a fonnation: 

1) Assemble at the stmiing point and/or establish the fonnation, 

2) Maintain formation while moving, 

3) A void obstacles while occasionally splitting/deforming and then re-establishing 

the formation, 

4) Change the shape of the formation upon request to accommodate the new tasks 

While there exists in the literature many works on these subtasks individually, they 

n1ainly focus on aspects of n1ulti-robot path planning and control proble1n in separation. 

Only has the research by Hao and Agrawal (2003), to my knowledge, tried to bridge the 

gap between planning and control. Aspired by this work, this thesis proposes a generic 

framework to tackle the above four subtasks in an optimal way using a different 

approach, namely the Particle Swann Optimisation algorithms, for formation n1otion 

planning and control. 
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1.2 Problem Statement and Thesis Scope 

The research problem is stated as below: 

((Given a group of robots in their workspace, the initial positions of each robots 

scattered in this workspace, the goal position, and the desired formation configuration, 

develop an appropriate architecture of planning, control and coordination strategies to 

initialise the formation and move the formation from the initial position to the goal 

position safely, i.e. avoiding collision with obstacles and amongst the robots. " 

A generic fran1ework is proposed to solve the four subtasks mentioned in Section 1.1. 

One of the robots in the group is chosen as the reference robot of the formation and its 

initial position is the starting point (or referenced point) to initialise the formation. 

Position assignment for each robot relatively to the reference one is performed using 

Discrete Particle Swann Optimization (DPSO). Once each robot has known its 

assigned position, the next step is to perform a geometric checking to find a suitable 

priority scheme. Accordingly a robot has to wait for others in the case of a potential 

collision with another robot and the total waiting tin1e for all robots will be minimized. 

Once the trajectories for all robots have been found, each robot will perfo1m trajectory 

tracking to its assigned position to initialise the predefined formation configuration. 

The path from the assen1bly point (starting point) to the formation target position is 

planned using the modified A* search algorithm and the trajectory for each robot is 

computed based on its relative position to the reference point. While moving to the 

fonnation target the collision-free trajectory for the reference point does not always 

guarantee the safety for the whole formation. Our strategy is to change the trajectory of 

those robots that are likely to collide with obstacles. However, in some worse cases, 

e.g. the width of the path is too narrow to allow for more than one robot, the formation 

must be changed to a column. While avoiding the static obstacles, the robots also need 

to avoid collision with other mobile objects, e.g. other robots of the formation. When 

specific robots need to change their trajectories, the one with the highest priority is 

planned first. The trajectories for robots of lower priority are planned in accordance 

after those of higher priorities. 
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When n1oving in formation, it is essential that the group of multiple robots maintain its 

desired configuration as much as it can. The formation can only be strictly maintained 

when it follows a straight line [Barfoot and Clark, 2004]. When turning, the fonnation 

shape is maintained in curvilinear coordinates only to the extent that the dynamic 

constraints of robots are still met. The formation manoeuvre cost is even much higher 

than necessary when one or more robots have to change their trajectories to avoid 

obstacles while it tnay be possible to simply adjust the path of the leader to keep its 

followers in formation. In this thesis, to tackle this, the potential field concept is used to 

construct the terrain cost of the grid map of the environment and PSO is used to tune the 

path found by modified A* search to maximize the percentage of time in formation. 

The formation is considered as a rigid object and desired position of each robot is 

calculated based on the orientation and position of the reference robot. When the 

forn1ation turns, the desired positions of robots in the formation may change abruptly 

which is out of the reachable region of the robots in the next time step. In this case, the 

formation n1otion plmming method proposed in [Barfoot and Clark, 2004] cannot be 

used, as the robots will not be able to form the formation again once the dynamic 

constraints are not n1et, and the inter-robot collision is likely to occur. To overcome this 

drawback, a PSO fonnation motion planning algorithm is proposed to maintain the 

formation where kinetnatic and dynamic constraints are always met and the inter-

vehicle collision is considered. 

One of the n1ain practical issues in implementation of motion control of mobile robots is 

how to localise the current position of a robot. Localisation for multi-robot systems is 

much more difficult than for a single tnobile robot and is out of the scope of this thesis. 

Extensive sin1ulation and experiment, in part, are carried out to prove the validity of the 

proposed algorithm. 

1.3 Contribution of the Thesis 

The main contribution of this thesis is the proposal of a generic framework to integrate 

motion planning and control for robotic formations. The detailed outcomes include: 
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• A practical framework to initialise and maintain the formation of a group of 

1nobile robots, 

• Integrating path planning using modified A* search algorithn1, vector approach, 

smoothing technique, trajectory planning and tracking and control. 

• A Discrete Particle Swarm Optimization (DPSO) algorithm proposed for 

scheduling optimally the position assignment to initialize a formation of mobile 

robots, and a proposed behaviour-based strategy to construct the velocity profile 

for each robot to form the formation. 

• Maximizing the percentage of time in formation for a group of robots by tuning 

the formation path using Particle Swarm Optimization and Potential Field. 

• A PSO formation motion planning algorithm to fonn and maintain the formation 

where kine1natic and dynamic constraints are always met and the inter-vehicle 

collision is considered. 

As mentioned in Section 1.1, the four basic issues in robotic formation have been often 

tackled independently. This thesis aims to approach those four issues in an integrated 

manner. A sin1ilar effort can be found in [Hao and Agrawal, 2003] but the framework 

proposed did not address the initialization stage, the optimal issue, nor the kinematic 

and dynan1ic constraints of n1obile robots to maintain the formation. 

For a group of mobile robots initially scattered in the workspace, to get into a formation, 

DPSO algorithm is used to optimally assign the desired position for each robot 

according to certain criteria. This method is different from the work by [Chen and Luh, 

1994; Yamaguchi and Arai, 1994] in that it takes into account optin1al motion planning 

and dynmnic constraints. A behaviour based-strategy is proposed to construct the 

velocity profile for robots directly in the time domain instead of in the coordination 

space, which is often very computationally intensive. 

Optimally navigating the fonnation from its initial position to its goal by reducing the 

nmnber of sharp turns, the broken fonnation tin1e (i.e. , increasing the percentage of time 

in formation) is performed by using an artificial potential field. A cost function 
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considering motion pattern of the robot group and its envirorunent and PSO algorithm 

are constructed to adjust the path of the formation. Motion planning for a group of 

robots to form and maintain a desired formation, satisfying the non-holonomic and 

dynamic constraints and considering inter-robot collision, is perforn1ed using PSO 

algorithms. 

Peer-reviewed publications related to this project are listed below: 

Journal papers 

1. Nguyen, A. D., Ngo, V. T., Ha, Q. P., and Dissanayake, G. "Robotic Formation: 

Initialisation, Trajectory Planning, and Decentralised Control" International 

Journal of Automation and Control (IJAC), Vol. 1, No.5 (in press). 

2. Nguyen, A. D., Ngo, V . T., Kwok, N . M., and Ha, Q. P . "Initialization for 

Multi-Robot Formations with Virtual-Head Robot Tracking and Three-Point l-l 

Control" International Transactions on Sy tern Science and Applications, Vol. 2, 

No. 4, pp. 405-412, 2007. 

Conference papers 

1. Ngo, V. T., Nguyen, A. D., and Ha, Q. P. , "Integration of planning and control 

in robotic formations" Proc. Australa ian Conference on Robotics and 

Automation, Sydney, Australia, pp. 1-8, 5-7 December, 2005. 

2. Ngo, V. T., Nguyen, A. D., and Ha, Q. P. , "Toward a generic architecture for 

robotic formations: planning and control" Pro c. International Conference on 

Intelligent Technologies, Phuket, Thailand, pp. 89-96, 14 -16 Decetnber, 2005 

(Conference Best Paper Award). 

3. Nguyen, A. D. , KYvok, N. M., Ngo, V. T., Ha, Q. P. , and Dissanayake, G. 

"Collision-Free Formation with Reactively-Controlled Virtual Head Robot 

Tracking" Proc. IEEEIRSJ International Conference on Intelligent Robots and 

Systems, Beijing, China, pp. 2509-2514, 9-15 Oct., 2006 
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4. Kwok, N. M., Ngo, V. T., and Ha, Q. P. "PSO-based cooperative control of 

Multiple mobile robots in parameter- tuned formations", The 3rd annual IEEE 

Conference on Automation Science and Engineering (IEEE CASE 2007), 

Scottsdale, AZ, USA, pp 332-337, 22-25 Sept., 2007. 

5. Kwok, N. M., Ha, Q. P., Ngo, V. T., and S.M. Hong, "Particle Swarm 

Optimization-based Coordination of a Group of Construction Vehicles," Proc. 

Int. Sym. Automation and Robotics in Construction, Tokyo, pp. 840-845, Japan, 

3-5 Oct. 2006. 

6. Ngo, V. T., Kwok, N. M., and Ha, Q. P., "Initialization of Robotic Formations 

Using Discrete Particle Swarn1 Optimization", Proc. International Symposium 

on Automation and Robotics in Construction (ISARC 2007), Kochi, India, pp. 

355-360, 19-21 Septen1ber 2007. 

1.4 Thesis Outline 

The dissertation is organised as follows : 

Chapter 2: Background on Robotic Formation 

This chapter presents a short literature review on n1athematical model of three wheel 

1nobile robots being used in sin1ulation, the state of the art of robotic formation control, 

motion planning for a single robot and multi-robot system. In this chapter, the existing 

techniques, basic concepts, methods and theories are briefly described. 

Chapter 3: Particle Swann Optimisation and Its Application in Robotics 

In this chapter, continuous and discrete particle swann optimisation techniques as well 

as their applications in robotics are reviewed to provide a rationale for their usage in this 

research. 

Chapter 4: Fonnation Initialisation Using Discrete Particle Swarm 

Opti1n isation 
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An algorith1n to initialise the formation is proposed in this chapter. Here, discrete 

particle swarm optimisation is used to schedule the position assignments for each robot 

in the group and then a behaviour-based scheme is proposed to plan the collision-free 

trajectory for each robot to n1ove into its assigned position to establish the formation at 

the assembly point. 

Chapter 5: A Generic Frmnework for Planning and Control of Robotic 

Fonnation 

Chapter 5 presents a generic frmnework, integrating planning and control for a robotic 

forn1ation to move from its initial position to its goal position avoiding obstacles and 

inter-vehicle collision. Algorithms for path planning, path smoothing, and trajectory 

planning and tracking are integrated appropriately for cooperative control of the robots 

in the group. 

Chapter 6: Opti1nal Motion Planning for Robotic Fonnations 

The path for the leader using search algorithn1 is often obtained in zigzag fonn and 

therefore unacceptable for 1nobile robots especially when moving in a formation. 

Further more, when the fonnation needs to turn or change its shape to accommodate a 

nan-ow path, there arise such questions as how the formation behaves and how the 

trajectories of robots are plmmed so as to form and maintain the formation. This chapter 

deals with these optimal issues in the context of the generic framework proposed using 

Particle Swarm Optimisation. 

Chapter 7: Conclusion and future work 

A short summarisation of the thesis and sotne recommendations for future work are 

included in this final chapter. 
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Chapter 2 

Background on Robotic Formations 

In this chapter, a short introduction to wheeled mobile robots and their mathematical 

model is presented. Multi-robot motion planning and robotic formation control issues, 

which are relevant to the scope of this thesis, will be reviewed. 

2.1 Wheeled-mobile Robot and Its Mathematical 

Model 

While there exist different types of mobile robots, they are generally categorised based 

on the basic of their application don1ain and locomotion mechanics. Based on their 

application, there are four 1nain categories of mobile robots [Dudek and Jenkin, 2000]: 

(i)Terrestrial: Robots that run or walk on the ground such as wheeled, tracked, legged 

and some other kinds; 

(ii)Aquatic: Robots that operate in water or on water surface; 

(iii)Airborne: Robots that n1imic n1an-made aircraft or natural birds such as robotic 

helicopters, controlled parachutes, fixed-wing aircraft; and 

(iv)Spatial: Robots that are designed to operate in outer. 
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On the basic of loc01notion mechanism, mobile robots can be categorised as wheeled 

and legged groups. The wheeled robot has been the most popular locomotion 

mechanism in mobile robotics and in man-made vehicles in general. Wheeled robots 

are mechanically simple, easy to build, and have a favourable weight-to-mechanism 

ratio. In addition, they are simpler to control, pose fewer stability problems, use less 

energy per unit distance of motion, and can travel with a significant speed. Wheeled 

mobile robots, as in the majority of robotic formation research, are dealt with in this 

thesis; thus, a brief description of its model will be presented below. 

A wheeled 1nobile robot with two differentially driven wheels mounted on a common 

axle and operates on a planar surface is schematically depicted in Figure 2.1. It has 

three degrees of freedom, i.e. two positional degrees of freedom (x,y) and one 

orientation (), which are related to a non-holonomic constraint equation implied in the 

model but can instantaneously n1ove in only two directions due to the presence of a 

velocity level constraint. This constraint takes the form of the requiren1ent that the 

mobile robot cannot have a velocity that is parallel to the axle direction. In Figure 2.1, 

(x,y) denotes the position of the centre of the axle with respect to the inertial frame, e 
denotes the orientation of the vehicle in the inertial frmne , r is the radius of the wheel , 

b is the half distance between the two wheels, and v, and m are the forward driving 

velocity and angular velocity of the robot, respectively. 

In the literature, there are three common models describing a differential driven 

wheeled mobile robot. They are briefly described as follows. 

The kinenzatic model 

The kinematic n1odel IS the simplest and minimal representation in which the 

configuration space of the wheeled mobile robot is represented by the vector 

q = [x y () Y E 91 3 where z = (x, y)r E 91 2 is the centre point on the wheel axis, () E 91 

is the orientation of the robot with respect to the x direction. Using this representation, 

the behaviour of a mobile robot can be 1nodelled as being equivalent to that of a thin 

knife. The knife is assun1ed to be capable of sliding with a translational velocity v, in 
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the body fixed direction and rotating with an angular velocity OJ but cannot have a 

velocity in the body fixed y direction. 

Figure 2.1: The differential Drive model of wheel mobile robot 

The kinematic model is described by the state transition equation as 

cj = S(q)v , (2.1 ) 

where q(t) = [.X y &y E 91 3 represents the time derivative of q(t) , 

v(t ) = [ v, (t) cu(t )f E 91 2 is a vector of translational and angular velocities of the 

wheeled n1obile robot~ i.e. , v/t) E 91 ' and w(t) E 91', respectively . The transformation 

matrix S(q) E 91 3
x

2 is defined as follows 

[

cos() 0] 
S(q)= si~B ~ . (2.2) 

Due to the fact that it cannot slip sideways, the non-s lip non-holonomic constraint of the 

knife-edge derived from the kinematic model is 

.X sin ()- ycosB = 0 . (2.3) 
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The robot is also assmned to satisfy the pure rolling condition, that is, 

xcose + ysine = v,. (2.4) 

In addition, the translational and angular velocities are limited by: 

lv I ~ v and I(JJI ~ ill I max max ' (2.5) 

where vmax and (()max are respectively the maximum translational and angular velocities 

the robot can implement. 

Translational and angular velocities may be related to each other by ill = v,K where K 

is the curvature of the trajectory the robot is following. This representation is useful 

when 1notion planning for robotic formation is performed in curvilinear coordinates, 

which will be discussed in chapter 4. 

This model describes many indoor robots as well as outdoor caterpillar-type and skid-

to-turn vehicles, but for outdoor vehicles, the errors are bigger since the centre of 

rotation depends on the uncertain wheel-to-ground friction. It can also be used as a 

coarse model of an aeroplane if one adds bounds on angular velocity ill as well as a 

lower positive bound on translational velocity v,. This renders a speed dependent 

minimal turning radius and is used to model unmanned aerial vehicles (UA Vs) in 

[Beard et al., 2002]. Figure 2.2 and 2.3 show some examples of differential drive 

wheeled mobile robots . The A1nigoBot is based on the ActivMedia Robotics-style 

architecture, which is at the moment widely used for coordination and control of multi 

robots. It is equipped with six forward and two rear sonars for rangefinding, shaft 

encoders to track its position and orientation AmigoBot has good mobility over carpet 

edges and s1nall sills. Information of sensing, n1otor and power monitoring and control 

is sent in packets over the wireless or tethered RS232 serial connection to PCs. 

Roller Unicycle Model 

The roller unicycle model is a modification to the kinematic model that adds the rolling 

angle ¢ of the wheel as an additional degree of freedom. The configuration space of 
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Figure 2.2: ActivMedia's AMIGOBOT 

(Source: ActiveMedia Robotics 

http://www.activrobots.com/ROBOTS/p2dx.html, accessed September, 2007) 

Figure 2.3: ActivMedia's Pioneer Robot P3-DX 

(Source: ActiveMedia Robotics 

http ://www.activrobots.com/ROBOTS/p2dx.html, accessed September, 2007) 

wheeled mobile robot is now represented by the vector q = [x y ¢ e r E 91 4
• The 

non slipping condition is the same as in the kinematic model, given in (2.3) while the 

pure rolling condition is described as 

x cos B + y sin B- r¢ = 0 , (2.6) 

where r is the radius of the wheel. The model then is described as 

q= S(q)v , (2.7) 
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where q(t) =[.X y (J ¢Y E 91 4
, v is defined as in the kinematic model , and the 

transformation matrix S(q) is defined as follows 

cos() 0 
sin() 0 

S(q) = 
0 1 

(2.8) 

r - I 0 

Differential drive model 

"Differential drive" refers the actuation of a mobile robot, which uses two 

independently driven wheels to manoeuvre in a plane like the movement of a 

conventional wheelchair. This model is an extension fr01n the single knife-edge model. 

The configuration space is still q = [x y () Y' but the inputs are the left wheel 

rotational velocity W1 E 91 1
, and right wheel rotational velocity W

2 
E 91 1

• The 

relationship between w = [w1 wJr E 91 2 and v = [v, wY is 

v =[ ~ ~ ]w r r ' 
- - -

2b 2b 

(2.9) 

where b is the half distance between the two wheels. 

The model can then be described as 

q=S(q)w , (2.1 0) 

where q(t) E 9\ 3 = [x y BY lS defined as 111 the kinematic model, and the 

transformation matrix S(q) is defined as follows 

1 
-r cos() 

1 
--r cos() 

2 2 
S(q) = 1 . () 1 . () (2.1 1) -rs1n --r Sin 

2 2 
r r 

2b 2b 
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Computer modelling 

Generally, the state transition equation describing the robot model is of the form: 

q=f(q,v) (2.12) 

where v is the velocity vector of the mobile robot. 

By integrating f over a fixed time interval 11T, the next configuration qnew can be 

determined given the current configuration q and the velocities v. When performing 

the computer simulation, the integration is performed numerically. While there are 

many numerical integration methods, which method is chosen for computer simulation 

purpose depends on the feature of the problen1, and whether or the algorithm is 

performed online. 

The Euler integration is the tnost simple and obvious way to numerically integrate a set 

of differential equations. With Euler integration, the new configuration at time step 

k + 1 i updated as 

q(k + 1) = q(k) + f(q(k), v(k))I1T (2.13) 

For example, with the kinematic model (2.1 )-(2.2), the configuration for a mobile robot 

at tin1e step k + 1 is as follows 

q(k + 1) = [:~~: :~] = [:~~~] + [:~~:~:~ ~]l :~~; ]LlT 
fJ(k + 1) fJ(k) 0 1 

(2 .14) 

The dominant error made in using Euler integration is proportional to !1T 2 if !1T is 

small on an integration step and proportional to 11T over the whole simulation. To 

reduce the integration error, the time step 11T should be reduced. 

The Runge-Kutta method provides a better accuracy solution, however, is more 

computationally expensive. The new configuration at tin1e step k + 1 updated by using 

second-order Runge-Kutta method is as 
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q(k+1)=q(k) + K 

where K = 11Tf(q(k) + 0.5!1Tf(q(k), v(k)), v(k))) 

The commonly used fourth-order Runge-Kutta method is forn1ulated as 

1 1 1 1 
q(k+1)=q(k)+(-K1 +-K2 +-K3 +-K4 )11T, 

6 3 3 6 

where 

K
1 

= f(q(k), v(k)) 
K 2 = f(q(k) + 0.5!1TK1, v(k)) 

K 3 = f(q(k) + 0.5!1TK2 , v(k)) 

K 4 = f(q(k) + 11TK3' v(k)) 
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(2 .15) 

(2 .16) 

(2 .17) 

(2.18) 

2.2 A Review of Multi-Robot Motion Planning and 

Control Structure 

2.2.1 Introduction 

According to [Laton1be, 2004], the basic mobile robot motion planning problem for a 

single robot is simplified as follows 

Given an initial position and orientation and a goal position and orientation of the 

robot A in an Euclidean workspace W with obstacles, generate a path r specifying a 

continuous sequence of positions and orientations of A avoiding contact with all 

obstacles, starting at the initial position and orientation, and terminating at the goal 

position and orientation. Report failure if no such path exists. 

There is a large body of the literature dedicated to the problem of single robot motion 

planning, which involves more complicated and practical problems. Despite many 

external differences, those methods are based on three common approaches: roadmap, 

cell decomposition, and artificial potential field [Hwang and Ahuja, 1992; Latombe, 

2004] . In these methods, the robot is represented as a point, called a configuration, in 
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an appropriate space, cal led the robot's configuration space or just Configuration Space 

C, which is a space of all possible configurations that a robot can attain. A brief 

introduction to these three common approaches is presented bellow. 

Roadmap. This approach consists of mapping the free configuration space C free, or it 

closure, onto a network of one-dimensional curves. Once a roadmap has been 

constructed, the path planning problem becomes the graph-search problem. Various 

roadn1aps have been proposed, including visibility graph, Voronoi diagram, freeway net 

and silhouette. Amongst the1n, the well-known ones are visibility graph and Voronoi 

diagram. The visibility graph is a non-directed graph whose nodes are the initial and 

goal configurations, and all the obstacle vertices. The path found with this method, if 

exists, is a polygonal line connecting the initial configuration to the goal configuration 

through the obstacle vertices without intersecting the interior of the obstacle space 

region. Obviously, the visibility graph gives a semi-free path whereas the Voronoi 

diagram method yields free paths. The Voronoi diagram is a set of all free 

configurations obtained by finding the loci of points equidistant to closest obstacles. 

Cell decomposition. This method consists of decomposing the robot's free space into 

cells such that a path between any two configurations in a cell can be easily generated. 

If the boundaries between cells are placed as functions of the structure of the 

environment, such that the decomposition is lossless, then the method is termed exact 

cell decomposition. If the decomposition results in an approxin1ation of the actual map, 

then the method is termed approximate cell decomposition. A good review of this 

technique is presented in [Latombe, 2004]. The exact cell decomposition method is 

co1nplete, i.e., if a solution exists, it can be found but is 1nore mathen1atical involved. 

The approximate cell decomposition may not be complete; but, for most of then1, the 

precision of the approximation can be tuned and made arbitrarily small, so that the 

1nethods are considered resolution-complete. Approximate cell decomposition is the 

most con1monly used method for robot motion planning so far. 

Artificial potential field. The idea of potential field approach is an "attractive force" 

attracts the robot to the goal configuration while the obstacles near the robot emit a 

"repulsive force" on it. A scalar function called the potential, which is the sumn1ation 
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of all these forces, has a minitnum, when the robot is at the goal configuration, and a 

high value on obstacles. Everywhere else, the function is decreasing towards the goal 

configuration, so that the robot can reach the goal by following the negative gradient of 

the potential. The significant problems that are inherent of this method, as pointed out 

and analysed in [Koren and Borenstein, 1991 ], are (i) the possibility of traps (local 

minitna), a problem that can be overcome by using ideas such as a randomized potential 

field, (ii) no passage between close obstacles, (iii) oscillations in the presence of 

obstacles, and (iv) oscillations in narrow passages. Potential field was originally 

developed as an on-line collision avoidance approach by [Khatib, 1986] , applicable 

when the robot does not have a prior model of the obstacles, but senses them during 

motion execution. This method is often called a local method, while the other two 

(roadmap and cell decomposition) are called a global one. 

2.2.2 Multi-robot Coordination and Control Structure 

In the robotic literature, there is a great deal of research devoted to solving the multi-

robot motion planning. A syste1natic analysis and classification of multiple robot 

coordination and control n1ethods can be found in [Arai et al., 2002; Todt et al., 2000]. 

\Vithin the thesis scope, instead of reviewing a broad literature for general n1ulti-robot 

systems, this subsection will be n1ainly dedicated to motion planning and control for 

pattern formation. Some works are repeatedly reviewed in different categories where 

the issues are relevant. The overall structure of the formation control system in 

particular, and for multi-robot motion planning and control in general, is shown in 

Figure 2.4 [Ko Walcxyk, 2001]. The highest level is the global planner whose 1nain task 

is to plan the task and assign to the robots. The main goal of the coordination controller 

(or the fonnation controller) is to get the robots into, maintain thetn in the desired 

formation, and change the formation configuration according with the environment. 

Sophisticated techniques must be developed to coordinate the trajectories of individual 

robots and to allow for dynamic formation reconfiguration resulting from changes in the 

environment, accon1modation for uncertainty, or mission replanning. 
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Centralised versus decentralised. In terms of how the trajectory generation for robots 

in the groups and coordination an1ongst them are carried out, the studies of robotic 

formations are classified into two groups: centralised and decentralised approaches 

[Erkin et al., 2003]. In the centralised approach, the generation of trajectories for each 

robot and coordination amongst the robots are done by a com1non central unit that 

supervises the whole group and cmnn1ands the individual robots. A centralised 

approach typically constructs a path in a composite configuration space, which IS 

formed by the Cartesian product of the configuration spaces of the individual robots. A 

decentralised approach typically generates paths for each robot independently, and then 

considers the interactions between the robots, robot paths are independently detennined, 

and a coordination diagran1 is used to plan a collision-free trajectory along the paths. 

Typical work in the centralised techniques includes the work of [Belta and Kmnar, 

2002; Egerstedt and Hu, 2001; Koo and Shahruz, 2001; Kowalczyk, 2002]. In 

[Egerstedt and Hu, 2001] , by using on a particular type of path following, the idea is to 

spec ify a reference path for a given, non-physical point where path planning for this 

reference point is separately implemented from the path tracking task by a high-level 

planner. Tracking controllers can be designed independently of the coordination 

schen1e. Then a tnultiple agent formation, defined with respect to the real robots as well 
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as to the non-physical virtual leader, should be n1aintained at the same time as the 

virtual leader tracks its reference trajectory. The path of each UA V in [Koo and 

Shahruz, 2001] is computed by a leader UAV, which is more capable than others and is 

the only robot in the formation equipped with cameras and sensors. A communication 

channel is needed so that the leader can tell the UA Vs what trajectories they should 

track. Trajectory computation is the main focus of this study. In [Belta and Kumar, 

2002], a method for generating smooth trajectories for a set of mobile robots using 

kinetic energy shaping is proposed. Smoothly changing the kinetic energy metric is 

proposed instead of using a constant kinetic energy tnetric. The proximity between the 

robots can be controlled via a parameter, which describes the weight imposing on rigid 

and non-rigid motion of the robot group. However, the method does not take obstacle 

avoidance into consideration and is not scalable. 

Centralised pattern formation strategies oversee the whole group and assume the 

existence of a con11nunication channel between the central unit and the individual 

robots. Such assutnptions make the centralised strategy more costly, less robust to 

failures , and less scalable to the control of large number of robots. An alternative is to 

use decentralised pattern formation strategies. In decentralised control, control decisions 

are relegated to the local controllers. The local controllers use local observations to 

detennine control actions. A decentralised approach to robotic formation control is 

especially appealing as comtntmica6on is often limited due to a large nmnber of robots 

involved, as well as n1otion constraints imposed by environmental conditions or 1nission 

requirements. Typical work in this group appears in [Cm·pin and Parker, 2002; Sugihara 

and Suzuki, 1996]. In [Sugihara and Suzuki, 1996], a pattern formation is achieved 

providing each robot the global positions of all others. In this study, an algorithm is 

developed for each pattern. The proposed method can uniformly distribute robots 

creating different pattern formations (circles, polygons, line, filled circle, and filled 

polygon). It can also split a group of robots into an arbitrary nun1ber of nearly equal 

sized groups. Despite the impressive results obtained by this decentralized algorithm, 

the global comn1unication required to share infonnation among the whole group, makes 

it less scalable. Cm-pin and Parker (2002) introduced a cooperative leader following 

strategy for a team of robots. The robots are able to maintain a specific formation while 

simultaneously tnoving in a linear pattern and avoiding dynamic obstacles. The robots 
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use local sensor information and explicit broadcast communication among themselves. 

The framework handles heterogeneous teatns, i.e. comprising of robots with different 

types of sensors, as well as homogeneous ones. In [Balch and Arkin, 1998; Balch and 

Hybinette, 2000], the authors proposed a different strategy that is inspired from the way 

molecules form crystals. In this study, each robot has several local attachment sites that 

other robots may be attracted to. This concept is similar to molecular covalent bonding. 

Possible attachment site geometries include shapes resembling where the robot is the 

centre of the shape and the attachment sites are the ends of the line segments. Various 

robot formation shapes result from usage of different attachment site geometries just as 

different crystal shapes emerge from various covalent bond geometries. When a team 

of robots moves in a formation, they avoid the obstacle by splitting around it and 

rejoining after passing. In [Desai, J.P. , 2001], a graph-theoretic framework is proposed 

for the control of a team of robots moving in an area with obstacles while maintaining a 

specific fonnation. The control graphs are used to define behaviours of robots in the 

formation. This fran1ework can handle transitions between formations. 

While the decentralised approaches are less computationally expensive, it is vulnerable 

to deadlocks, i.e., it may fail to find a solution even there exists one. In this context, 

which approach suitable for a problem is determined by the trade-off between 

computational complexity of the given problem and the amount of completeness that is 

lost. A hybrid approach was proposed in [La Valle and Hutchinson, 1998] where robots 

were modelled by a car-like kinematic model. In this work, the traditional view of 

centralised and decentralised platming was considered as the opposites of a spectrum, 

and an approach of multi-robot motion planning lying somewhere in the middle of this 

spectrum was proposed which only weakly constrains the robots' motion before 

considering interactions between them. 

Online versus offline. When considering the coordination tin1e, the coordination can be 

carried out off-line, i.e., before the robots move, and on-line, i.e., once the robots are 

already being moved [Todt et al., 2000]. 

In [Barfoot and Clark, 2004], a formation motion planning n1ethod is proposed to 

maintain the formation shape in a curvilinear coordinates when the formation turns. 

The method can be only in1plemented on-line if the reference point is the furthest 
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forward point in the formation in the direction of travel, otherwise the information of 

the reference point which has not been available will be required to plan velocities for 

robots in the group. In [Chen and Luh, 1994], an on-line algorithm is proposed for 

robot coordination in a formation in a distributed manner where each follower will get 

the information about the current velocities of the leader and calculate its own control 

inputs. Desai proposed tracking control laws l -If/ and l -l for follower non-

holonomic robots in a formation to track the position and orientation of the robot 

relative to a leader, or respectively, the positions relative to two leaders [Desai et al., 

1998; Desai, 2001; Desai, 2002]. Provided that a follower robot can get the online 

information about translational and angular velocity of its leader, and the relative 

position and bearing to its leader, it will be able to coordinate online with its leader in 

forming and maintaining a fonnation. Three controllers, called separation-bearing, 

separation-separation, and separation distance-to-obstacle, in which the first two are 

adopted from [Desai et al., 1998], are used in [Fierro et al., 2001; Fierro et al., 2002] to 

allow follower robots to get into and maintain the forn1ations and avoid obstacles in the 

environment. 

Priority versus no priority And finally, the motion planning and control n1ethods may 

be subj ect to priorities where one of the robots has a higher priority in the execution of 

its movements and the others have to adapt their movements to avoid collisions. On the 

other hand, methods for planning and control of multiple robots may have no priorities, 

i.e. none of the robots has higher priority than others when the formation has to change 

the shape to meet the requirements. In [Chen and Luh, 1994; Sugihara and Suzuki, 

1990], some algorithms for robots to form a certain shape have been proposed where all 

robots are identical. Typical pattern formation studies based on behaviour-based and 

potential field approaches, such as [Chen and Luh, 1994; Sugihara and Suzuki, 1990; 

Sugihara and Suzuki, 1996; Suzuki and Yamashita, 1994] consider the robots to be 

homogeneous. Therein, the control action for each robot is a combination of each 

behaviour emerging during the formation deployment (in case of behaviour-based 

approaches) or the relative distributions of obstacles, neighbouring robots and target 

configuration (in case of potential field approaches) or a combination of the two. 

Though ahnost research in pattern formation does not address explicitly priority levels 

to each robot, priority assigrunent is in1plied in many cases. In robot motion planning, 
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priorities amongst robots are often used to resolve conflicts and deadlocks. Those 

results are obviously applicable to pattern formation motion planning and control. Guo 

and Parker proposed an optin1al and distributed motion planning approach in which 

each robot plans its path independently and then it will search the coordination diagram, 

regarding itself with the highest priority [Guo and Parker, 2002]. An evaluation is then 

perforn1ed to get the best velocity profile for each robot. In [Bennewitz et al., 2002] , an 

algorithm is proposed to find and optimise the priority scheme for a team of mobile 

robots. 

2.3 Formation Motion Planning 

Two of the four basic issues in robotic formation control as mentioned in Chapter 1 are 

to assemble robots at the starting point and/or establish the formation, and maintain 

formation while moving. In this subsection, work related to these two issues will be 

extensively reviewed. 

The l -ljl and l -l tracking control laws proposed by Desai are able to form and 

maintain the forn1ation for a group of three robots \Vhere the in the first case, one robot 

(the follower) follows another (the leader) by controlling the relative distance l and 

orientation ljl between the two, and in the second case a follo\ver robot maintains its 

position in the fonnation by maintaining specified distances ( l -l) from other two 

robots or from one robot and an obstacle in the environment. While the first control law 

is applicable to all fonnations in which each robot has one leader except for the lead 

robot (the lead robot is the one who leads the whole formation and it trajectory is 

planned by the planner), the second one is useful for robots that are constrained by more 

than one robot or obstacle in the formation [Desai, 2001]. Sin1ilarly to the l -l tracking 

control law, a separation-separation control law was proposed in [Fierro et al., 2001; 

Fierro et al., 2002]. A modified l-l control was proposed in [Jongusuk and Mita, 

2001] to resolve collision avoidance among robots which is not considered in those 

above approaches. One of the other drawbacks of those approaches, as pointed out in 

[Nguyen et al., 2006], is the singularity when a line fonnation needs to be formed and 

maintained where the reference points of three robots lie on the same line connecting 
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them. This author has proposed a virtual head robot tracking and three-point l - l 

controller to tackle this singularity with consideration of inter-vehicle collision 

avoidance. Though all of these proposed approaches are designed to meet the non-

holonomic constraint of mobile robots, they do not consider the velocity limit of real 

mobile robots described by (2.6). 

The formation motion planning approach proposed in [Barfoot and Clark, 2004] is able 

to maintain the formation in the curvilinear coordinates only if do calculated velocities 

of other robots still meet the velocity constraints. With this approach, when the 

formation is turning, the robots on the "outside" speed up and the ones on the "inside" 

slow down, thus the planned velocities of robots on the "outside" will be larger than that 

of the reference point which is often chosen as the centre point in the formation, and the 

bigger the angle the formation turns, the larger those velocities become. If those 

velocities are greater than the velocity limits, the formation cannot be maintained and 

collision is likely to occur. Furthermore, robots are assumed to be "in formation" 

before moving. In other words, this approach cannot be used to form a formation, thus 

the formation is broken due to velocity constraints or robot failure, it cannot be formed 

again. The desired trajectory for each robot is planned as the desired velocity and the 

robots are assumed to have a perfect velocity controller. In practice, however, wheel 

slip deviates the robots frmn their would-be positions and since there is no relationship 

between robot positions and their velocities, the formation cannot be kept in practice 

even if a localisation mechanism exists. 

The so-called virtual structure approach proposed by [Lewis and Tan, 1997] is able to 

form and maintain the formation with consideration to velocity constraints of real 

1nobile robots. The bi-directional flow approach helps n1aintain the formation with fault 

tolerant feature. When one or more robots experience a te1nporary fault or a partially 

loss of performance the position of the virtual structure will be altered to match with 

current positions of robots. This approach, ho\vever, does not consider collisions 

amongst the robots in the forn1ation . 

In [Hao, 2004], a fran1ework was proposed in an effort to bring the gap between 

planning and control in robotic formation . In this framework, a path is planned for the 

leader robot and smoothed. A trajectory is produced for this leader and reference 
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trajectories for other robots are generated based on their relative positions to the leader. 

Each robot will track its own reference trajectory. Though the author claimed this 

method was able to perforn1 in real-time and dynamic environment by replanning, it is 

obvious that the coordination of robots in the group was perforn1ed off-line and no 

inter-robot collision was considered once the formation moved, thus if one or more 

robots experience temporary fault or performance degradation collision amongst the 

robots may occur. Furthermore, though the path for the leader is well planned, it is not 

necessary that it be the optimal one for the formation, for example, in terms of 

percentage of time in formation which is a common evaluation metric. 

2.4 Conclusion 

Some most common mathematical models of mobile robots used in robotic research 

which are relevant to the n1odel used in sitnulation and experiment in this work has been 

reviewed. While there are many types of unmanned vehicles, only differential drive 

wheeled tnobile robots are described and modelled in this chapter to be used in the later 

chapters. Basic motion planning teclmiques for a single mobile robot is also presented 

to give a 1nore insight to the motion planning teclmiques for multi-robot systems in 

general and pattern formation, in particular, which is of great interest in this work. The 

pattern forn1ation planning and control is reviewed according to its classification as 

centralised/decentralised, online/offline, priority/no priority categories. Formation 

motion planning methods which focus on the ability to form and maintain the 

formation, with or without considerations of inter-robot collision and velocity 

constraints is also extensively reviewed. 

In the literature, although there are many different methods proposed for formation 

planning and control, a thorough framework for a group of mobile robots to perforn1 the 

basic task of a formation in an optimal manner has not been adequately addressed. It is 

the main focus of this research, in which a generic framework will be developed to 

optimally perform the four issues of robotic formations mentioned in Chapter 1 usmg 

Particle Swarm Optimization which will be presented in Chapter 3. 
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Chapter 3 

Particle Swarm Optimisation and Its 

Application • Ill Robot Motion 

Planning 

Particle Swam1 Optimization (PSO), originally proposed by Kenedy and Eberhart 

[Kenedy and Eberhart, 1995], has proven to be of great potential for optitnization 

applications and has been successfully applied in robotics. PSO was inspired by natural 

evolution, which is similar to standard evolutionary algorithm (EA) methods such as 

genetic algorithms (GAs) and evolutionary strategies (ESs), but it was the flocking and 

swarm. behaviour of birds and insects that motivated its development. Some of the 

attractive features of the PSO include the ease of implementation and the advantage in 

that no gradient information is required [Bergh, 2001]. Many versions of PSO have 

been introduced to enhance the performance of the optimisation algorithms. While the 

PSO is powerful in a continuous definition domain, some binary and discrete versions 

have also been introduced and successfully used for solving optimal problems set in a 

space featuring discrete variables. Recently, multi-objective PSO algorithtns have 

found many interesting applications wherein there is a need to tackle multi-objective 

problems. In this chapter, those versions of PSO as well as PSO applications in robotics 

will be reviewed. 
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3.1 Particle Swarm Optimisation 

Particle Swarm Optimization is an evolutionary computation technique based on 

simulation of flocks of birds or schools of fish introduced by Kenedy and Eberhart 

(1995). In the PSO algorithm, a population (or swarm) of particles, where each particle 

represents a potential solution to an optimization problem is maintained. Each particle 

of the population has the following features 

• It has a position pi and a velocity vi which are randomly initialised, 

• It knows its position, and the objective function to f evaluate this position, and 

• It has a memory and can keep track of its personal best previous position Pi ,best and 

objective function value for this position. The personal best position of a particle is 

the best position that particle has visited, yielding the highest fitness value for that 

particle. 

• It knows its neighbours (the best position amongst its neighbours gbest) 

The concept of PSO is, at each time step, each particle "randomly" searches through the 

search space based on its own tnemory and the social information gathered from its 

neighbours. The procedure is carried out until all particles converge to the solution 

within a specific error bound or some termination criteria are met. At each iteration, the 

behaviour of a given particle is a compromise between three possible choices: 

• Following its own way, 

• Moving towards its best previous position, and 

• Going towards the best neighbour's best previous position, or towards the best 

neighbour. 

At each iteration, each particle updates its own velocity using the following equation 

V. = V + C (p . - p . )+ C (g - p ) 
1 ,ne•r 1 ,old I 1 ,best 1 ,old 2 bes1 i ,old (3.1) 
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where 

v, ,new New velocity calculated for the i 1
h particle 

v i.old Velocity of the i
1
h particle from the previous iteration 

Pi .old Position of the irh particle from the previous iteration 

Pi .besr Best position of the irh particle so far 

gbesr Best position of from the neighbour so far (global best) 

C1, C2 Acceleration coefficients. 

The acceleration coefficients C1, c2 quantify how much the particle trusts its experience 

and its neighbours and play an important role in determining the convergence of a PSO 

algorithm. 

The velocity of the particle is clamped to the range [ vmin, v max] to reduce the likelihood 

that the particle n1ight leave the search space. If the search space is defined by the 

bounds [Pmin, Pmax] then updated position of a particle will be clamped to this bound. 

This is necessary as the solution found must be feasible. Taking the case of finding an 

optimal velocity profile for a mobile robot to perform a specific task, those velocities 

found must be in the operation range of the robot's actuator and its coupling 

mechanism. 

The new position of each particle Pi ,new is updated using the new velocity vector just 

updated for that particle by the following equation 

(3.2) 

The procedure to implement PSO consists of the following steps [Kenedy and Eberhart, 

1995]: 

(i) Define the problem space and its boundary 
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(ii) Initialise the particles 

(iii) Repeat 

a. Evaluate the particle fitness 

b. Find the best position Pi ,besr for each particle. 

c. Find the global best position of the population gbesr 

d. Update the particle velocities and positions using equation (3 .1) and 

(3 .2), respectively 

Until certain termination criteria are met 

The initialisation of particles in step (ii) of the algorithm consists of the following 

1. Initialise each particle position rando1nly in the search space bounded by 

[pmin ' Pmax] · 

2. Initialise each particle velocity randomly in the interval [ v min, v max ]. Since 

the starting positions are already randomised, the initial velocities of the 

particles could be set to zero, alternatively. 

3. The initial, random positions are assigned to be the Pi ,besr of particles 

4. Evaluate the fitness value of each particle just initialised and find gbesr value 

of the population 

The velocity update equation (3.1) utilises the global best value gbesr, which is a single 

"best solution" across all the particles in the swarm. This particle attracts all the other 

particles to it, and eventually all particle will converge to this position. If this best 

position is not updated regularly then the swarm may converge prematurely. This gbest 

model converges faster but at the expense of robustness compared to the so called !best 

model [Bergh, 2001]. The local best model tries to prevent premature convergence by 

maintaining multiple attractors. A local best position for each particle is selected from a 
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subset of particles defined for that particle. The particles in each subset have no 

relationships to each other in the search space domain. The selection is based purely on 

the particle's index number. This selection helps reduce the computational expense and 

promote the spread of information regarding good solutions to all particles , regardless 

of their current location in the search space [Bergh, 2001 ]. 

3.2 Modifications to the PSO 

When the PSO algorithm is implemented, parameters consisting of acceleration 

coefficients, maximum velocity and topology need to be predefined and the 

perfom1ance of the optimizer relies greatly on these parameters. There have been 

numerous modifications to the PSO algorithm to enhance its performance. The 

modifications can be grouped as rate of convergence improvements, increased diversity 

improvements, global methods, dynamic objective functions [Bergh, 2001]. 

Improvement of convergence rate. There have been several proposed techniques in 

this category which usually involve changes to the update equations for particle 

velocity, without changing the structure of the algorithm. They aim to improve the 

convergence rate of the PSO algorithm by introducing new coefficients or finding 

suitable ranges of coefficients in the velocity update equation. 

Shi and Eberhart [Shi and Ebertart, 1998] introduced the use of inertia weight w to the 

velocity update equation as follows 

(3.3) 

In that work, Shi and Eberhart investigated the effect of w value chosen in the range 

[0, 1.4] as well as varying w over time. It suggested that by choosing wE [0.8, 1.2], a 

faster convergence can be achieved but a larger value of w (> 1.2) may result in failure 

to convergence. 

Shi and Ebertart also proposed a technique for adapting the inertia weight dynamically 

using a fuzzy controller [Shi and Ebertart, 2001 a; Shi and Ebertart, 2001 b ]. The results 

indicated that fuzzy adaptive inertia weights improve PSO performance on some of the 
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functions with certain parameter settings. The proposed technique had a greater 

advantage on unimodal functions but experienced more difficulty when dealing with 

functions containing multiple local minima. 

Suitably choosing the value of w, c1 and c2 to ensure convergence was proposed in 

[Clerc, 1999]. Therein, a constriction factor model is used to describe a way of 

selecting the values of w, c1 and c2 such that convergence is ensured and the need for 

clamping the values of particle velocity to the range [ -v max' v max] is eliminated. 

Concepts from the field of Evolutionary Computation (EC) have been applied to 

introduce a version of the PSO incorporating selection features [Angeline, 1999]. 

Adapting the selection feature in an Evolutionary Algorithm, a more thorough search is 

performed on a particular region of the search space, which gives promising solutions in 

the recent past of the searching process. The results showed significantly better 

performance compared to the original PSO for unimodal functions as well as Rastrigin' s 

function, but worse on functions with multiple local minima. 

In [Lovbjerg et a!. , 200 1 ], the traditional velocity and position update were combined 

with the ideas of breeding and subpopulations which resulted in the potential of 

achieving faster convergence and finding a better solution for functions with multiple 

local minima. The result, however, showed that the rate of convergence is slower due to 

the breeding feature. 

Increased diversity improvements. Most of the approaches in this category are based 

on the local best model in which the neighbourhood of a particle is smaller than the 

whole swan11. Those approaches usually slow down the rate of convergence but give 

better results when dealt with problems with multiple local minima. Some typical 

works are [Kenedy, 1999; Sugantha, 1999], a scheme to partition the swarm in to 

neighbourhoods for the !best PSO based on spatial location of the particle has been 

proposed, whereas the original !best PSO partitions the swarm into neighbourhoods 

based on their index numbers, regardless of their spatial positions The proposed 

partitioning scheme called Spatial Neighbourhoods, combined with time-varying inertia 

weight values, gave good performance on most test functions compared to gbest 
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method. In the original !best model, each particle has two immediate neighbours to 

which it can exchange information directly whereas it can exchange information 

indirectly to all other particles though its neighbours and its neighbours ' neighbours and 

so forth. Though this mechanism allows the particles to explore different regions of the 

search space and share information, it slows down the exchange of information due to 

long path between particles. Kennedy proposed alternative topologies through which 

the rate of information flow can be varied [Kenedy, 1999] . The result presented shows 

that performance of the PSO algorithms is much affected by different topologies whose 

optimal one depends on specific problems. 

A comprehensive review of the modifications to the classical PSO can be found in 

[Bergh, 2001] and a more recent review can be found in [Song and Gu, 2004] . 

3.3 Binary and Discrete Particle Swarm Optimization 

The PSO algorithm described in Section 2.3.1 is known as traditional PSO and works 

well only in the continuous domain. This is a significant limitation of traditional PSO 

because many applications are set in a space featuring discrete variables. Binary and 

Discrete Particle Swarm Optimization (DPSO) are designed to tackle problems that are 

binary or discrete by nature. They differ from the traditional PSO in the sense that their 

particles do not represent points in n dimensional Euclidean space [Correa et al., 2006]. 

The particle position and velocity encoding varies from one specific problem to another 

Kenedy and Eberhart proposed a binary version of PSO in [Kennedy and Eberhart, 

1997]. In this binary PSO, particle positions are encoded as 

P = (p 1, p 2 , • • · , p ), i = 1, 2, · · ·, N 
1 1, 1 , 1,n 

(3.4) 

where n, N are the number of particles in the swarm and the particle dimension, 

respectively. The binary PSO restricts the component values Pi ,J s, with j = 1, 2, · · ·, n, 

to be taken from the set {0, 1}. Though the particle velocity is not subject to this 

restriction, it is thresholded to the range [0, 1] and treated as a probability. The velocity 

update equation is as fo llows 
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V . = V + C (p . - p )+ C (g - p ) 
1 ,new 1 ,old I 1 ,best i ,old 2 best i ,old (3.5) 

It is noted that this velocity update equation is not different from equation (3 .1) which is 

used in the original PSO except that now the component values of previous position 

Pi ,old , previous best position of the particle Pi,best, best position of the swarm are now 

integers in {0, 1}. The position update for each component of the particle position is 

now defined as follows 

= {0 if sig(vi,jnew)?:. rand() 
Pi,Jnew 1 if sig(vi,Jnew) <rand() 

(3.6) 

where rand() is a random number that lies in [0, 1] and sig(x) is the sigmoid function, 

defined as 

sig(x) = 1 
1 + exp(x) 

(3.7) 

The velocity update equation of this very first binary PSO algorithm did not include the 

inertia weight or constriction coefficients due to the fact that this work was published 

before these modifications were introduced. Later work in [Kennedy and Spears, 1998] 

where a constriction coefficient was use in the binary PSO showed that techniques 

usually applied to the continuous PSO are applicable to the binary PSO. This work also 

showed that the binary PSO convergence speed was faster than the GAs on most of the 

tested functions, particularly on problems with high dimensionality. 

In [Kennedy and Eberhart, 2001], a new version which is called a Hybrid swarm which 

used both binary and continuous values in the same vector simultaneously was 

introduced. A recent work [Correa et al., 2006] introduced a discrete PSO for attribute 

selection in a bioinformatics data set. The proposed algorithm is able to deal with 

discrete variables and its candidate of solutions contains particles of different sizes. The 

result showed that the proposed DPSO a smaller subsets of attributes than the standard 

binary PSO algoritlun does. 
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Clerc [Clerc, 2005] generalised a frame of discrete Particle Swarm Optimization 

According to Clerc (2005), the necessary elements to use DPSO are: 

• A search space of positions/states S = {sJ, 

• A cost/objective function f on S into a set of values S~C = {cJ, whose 

minimums are on the solution states. 

• An order on C, or, more generally, a semi-order, so that for every pair of 

elements of C 0i, c1 ), we can say either ci < c1 or ci ~ c1 . 

• If a physical neighbourhood is used, a distance d needs to be defined in the 

search space. 

Usually, S is a real space Rn, and C a numerical continuous objective function. 

However, S may be a finite set of states and f a discrete function. According to 

velocity update and position update equations of PSO algorithm the following basic 

1nathematical objects need to be defined: 

• Position of a particle pi , 

• Velocity of a particle vi , 

As one can see from equation (3 .1) and (3 .2 ), four basic operations need to be defined, 

those are: 

• Substraction of the two positions. A substraction operator (-) between the two 

positions (pi (-) p 1 ) is defined so that the result is a velocity. 

• External multiplication: A multiplication operator ® of a real number with a 

velocity ( c ®vi) is defined to result a velocity. 

• Addition of two velocities: An velocity addition operation ( +) between two 

velocities vi ( + )v1 , results in another velocity. 
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• Addition of a velocity to a position: A move operator EB is defined to update a 

new position from a current position with a given velocity, Pi,new = Pi ,atd EB vi 

Once those mathematical objects and operations have been defined, the velocity and 

position update equations can be written as follows 

vi ,new = w <8> vi ,atd ( +) cl <8> (Pi ,besl (-) Pi ,old ) ( +) c2 <8> (gbes/ (-) Pi ,old) (3 .8) 

(3.9) 

The procedure to implement DPSO is the same as in continuous PSO and modification 

techniques (Section 3 .2) to improve the performance of PSO can be used for DPSO 

where they are applicable. 

3.4 Multi-Objective Particle Swarm Optimisation 

Generally, there are many problen1s with multi objectives which should be solved 

simultaneously. Studies on multi-objective optimisation are usually formulated in terms 

of non-dominance and Pareto optimality, which is briefly described as follows 

[Fieldsend, 2004]. 

The multi-objective optimisation problem seeks to maximise/minimise simultaneously 

D objectives: 

Y; = f(x), i = 1, · ··, D (3.1 0) 

where each objective depends upon a vector x =(xi'···, xp) of P parameters or 

decision variables. These parameters may also be subject to J constraints: 

j=l, ···, J (3 .11) 

Without loss of generality, we consider only the minimisation case, so the multi-

objective optimisation problem 1nay be defined in the following format: 

Minimise y = f(x) = (J; (x), · · ·, f D (x)) (3 .12) 
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subject to e/x) > 0, j = 1, ... , D (3.13) 

For most cases, objective functions are often in conflict with each other, hence solutions 

may exist for which performance on one objective function can not be improved 

without sacrificing performance on at least one other. Such solutions are said to be 

Pareto Optimal and the set of all Optimal solutions are said to form the true Pareto 

front. 

Since 2002, there have been a number of different studies on multi-objective PSO 

(MOPSO) published to tackle multi-objective problems with Pareto optimality. 

In [Hu and Eberhart, 2002], a dynamic neighbourhood PSO was proposed to locate the 

Pareto front of multi-objective optimisation problems. Compared to the traditional 

PSO, three modifications have been made: 

• Each particle has different neighbours at each generation based on fitness 

values. The objective of which objective is used to find the 

neighbourhoods is based on the knowledge of the test function. 

• Only those solutions which dominate the current Pbest of a particle will 

be counted when updating its Pbest 

• And the algorithm only optimises one objective in each run. 

The proposed MPSO was validated via solving a number of test functions, however, the 

authors did not compare with any other approaches, or the true Pareto fronts for the 

problems. 

In [Parsopoulos and Vrahatis, 2002], two MPSO algorithms were proposed. The first 

one is called the Weighted Aggregation approach where all the objective functions are 

sutnmed to a weighted combination as follows 

(3.14) 
i = l 
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D 

where wi' i = 1, · · ·, D are non-negative weights and usually assumed that I w; = 1. 
i= l 

Those weights can be fixed or dynamically adapted during the optimisation process. It 

is stated that this method has a low computational cost, however, the algorithm 

execution needs to be repeated K times to find K estimated optimal Pareto points. In 

the second approach, the main ideas of VEGA (vector evaluated genetic algorithm) 

were adopted. The algorithm called Vector Evaluated Particle Swarm Optimiser 

(VEPSO) uses two swarms, one for each objective, and the best particle of the second 

swarm is the first swarm global best and is used to update the velocities of the first 

swarm, and vice-versa. This approach can only tackle problems with two objectives. 

Even there was no comparison with other MOPSO methods, the shown results were 

prom1s1ng. 

Coello and Lechunga [Coello and Lechunga, 2002] proposed a method where two 

repositories, one for the global best individuals found so far and the other containing a 

single local best for each member of the swarm, are maintained in addition to the search 

population. These two repositories are used by the particle to identify a leader that will 

guide the search. Each particle may choose a different guide based on the generation of 

hypercubes which are produced to divide the search space explored. Results shown are 

promising compared to other multi-objective optimisation methods in the EA domain. 

In [Fieldsend et al. , 2003] , new data structures as well as methods partitioned quasi-

random selection (PQRS) and dominated trees have been introduced to facilitate faster 

performance when maintaining an unconstrained archive of non-dominated solutions. 

3.5 PSO Applications in Motion Planning for Mobile 

Robots 

This section gives a short review of the implementation of PSO in motion planning for 

1nobile robots, as it is relevant to our work 

Path planning for a single robot 
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Quin et al applied PSO with mutation operator to optimise the path for mobile robots 

[Qin et al. , 2004] , wherein the path search is obtained by using Dijkstra method in a 

MAKLINK graph [Habib and Asama, 1991] . The authors used the mutation operator to 

the PSO algorithm, similar to Genetic Algorithm. Path points found by Dijkstra 

algorithm are adjusted to have a shorter path. When the historical optimal position of 

the path is unchanged or hardly changed, this optimal position is kept and other particles 

are reinitiated according to a certain probability. Although the method results better 

performance of the PSO algorithm in term of global minima convergence, it is sensitive 

to the parameters. 

Zhao and Yan applied chaotic PSO to obtain the shortest collision-free path in a two 

dimensional environment [Zhao and Yan, 2005]. Chaos with its ergodicity property is 

incorporated in the PSO to intensify the local search ability, hence gives smoother and 

shorter path. The method, however, is resolution complete and computationally 

expensive when the distance from the starting point and goal point is long. Due to the 

feature of the representation of the path points as shown in Figure 3.1 , where the path 

points can only be changed in Y' coordinate but are fixed in the X ' coordinate, the line 

ST has to be divided into many small segments to insure a collision free path. 

Obstacle avoidance 

Li and Chen applied PSO to find a fifth order polynomial trajectory for mobile robots to 

avoid obstacles [Li and Chen, 2005]. An !best PSO with a constriction factor and the 

ring topology defining the relationship of interaction amongst the particle was used. 

The paper claimed that the algorithm can be applied to cases where online path planning 

is required, due to the low cost computation. 

Min et al. (2005) proposed an obstacle avoidance technique for mobile robots in 

dynamic environn1ents using PSO in [Min et al. , 2005]. At each time step, the change 

in translational and angular velocity is determined by a PSO algorithm so that the robot 

can get to the target without collision with obstacles. The result was compared with 

those obtained by using artificial potential field and combined potential fie ld-GA 

methods, which showed good performance. In this work, PSO is combined with cross 

over and mutation features borrowed from GA to improve its performance. 
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Target search 

Doctor and Venayagamoorthy applied PSO for collective robotic search where single 

target and multi target cases were presented [Doctor and Venayagamoorthy, 2004]. 

Though the results are promising in term of convergence thanks to the use of a 

secondary PSO to choose parameter for the main PSO algorithm to perform the search, 

this work did not consider the scalability to large number of robots nor address how the 

robots gain information about its target which is crucial in target tracking research. 

Hereford et a!. (2007) introduced the modifications to the standard PSO by distributing 

the search amongst the robots to find a point with the brightest light with detail 

description to the test platform and consideration of the robot dynamics [Hereford et al., 

2007]. In this work, each robot involved in the search process is a particle and has to 

obey its velocity constraints, and no backward movement. Each robot can calculate its 

new position based on its present measurement and present position. The problem of 

inter-robot collision amongst the robots is not considered therein . 

....-----·-----------·------------, 

y 

Starting 
point S) 

X 

Pn 

Target 
point (T) 

Figure 3.1. Representation of a path in [Zhao and Yan, 2005]. 
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3.6 Conclusion 

The original particle swarm optimization algorithm has been presented. Since its first 

development, there have been many modifications aiming to enhance its performance in 

terms of convergence rate and ability to find global minima. Binary and discrete PSO 

have been introduced to problems where their search space is binary or discrete, in 

general, in nature. Similar to other techniques in Evolutionary Algorithms, PSO has 

been modified to tackle multi-objective optimisation problems with non-dominant and 

Pareto optimality. Though research in this domain has just been started since 2002, the 

results shown are promising. PSO applications in motion planning and control have 

also been reviewed. 
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Chapter 4 

DPSO Based Formation Initialisation 

4.1 Introduction 

In this chapter, the fonnation initialization problem in which n randomly placed tnobile 

robots in an initial workp lace arrange thetnselves into an arbitrary configuration is 

solved using Discrete Particle Swarm Optirnisation. 

Though there has been extensive research on robotic forn1ation, little attention is paid as 

to how to optimally initialize the formation. In [Sugihara and Suzuki, 1990], s01ne 

algorithms for robots to form a certain shape have been proposed, using global 

knowledge of all robots ' positions. In this work, each robot oriented itself to its 

neighbouring robots which are the furthest and nearest neighbours in the case of 

forn1ing a circle or the imtnediate " left" and "right" neighbours in the case of fanning a 

simple polygon. Chen and Luh [Chen and Luh, 1994] later itnproved those algorithms 

by taking into account the potential collision between robots. Group motion was also 

tackled but the performance of the algorithn1s about the convergent time, and the shape 

error were not considered. In these algorithn1s, all robots in the formation were 

regarded as identical ones, thus they could not take advantage of the geon1etrical 

positions or sensing capacity of each robot in the final configuration. An architecture 

for robotic fonnation control was proposed in [Lemay et al., 2004] to solve the four 

main issues in robotic formation control in which formation initialization was the main 
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focus. The problen1 of how to assign the most suitable position for each robot in the 

formation was proposed using a bounded depth-first search with a pruning algorithm to 

minimize a cost function compromising the level of a follower robot in a formation, the 

distance and heading deviation of a follower with respect to its leader robot. The search 

is distributed over every robot in the formation and the result with the lowest cost is 

chosen. This method is somewhat sin1ilar to the work proposed by [Guo and Parker, 

2002], in which a robot in the group plans its own path independently and aD* search 

[Stentz, 1994] in a coordination diagram is performed to obtain the minimum cost 

trajectory for each robot in a n1ulti-robot system. Obviously, a search process for this 

purpose would require a suitable optimisation technique. Similar to the work by Guo 

and Parker, a resolution-complete algorithm was proposed by [Simeon et al., 2002] to 

coordinate the n1otion of n1ulti robot syste1ns. Obstacles are represented approximately 

as bounding boxes in the coordination diagram and search algorithn1s are applied to find 

the trajectories for each robot. 

Discrete Particle Swann Optimisation (DPSO) which is appropriate for opti1nal 

applications set in a space featuring discrete variables is a suitable candidate to solve the 

optin1al position assignment. In this chapter, a Discrete Particle Swarm Optimization 

technique is applied as an optimal motion planning strategy for the initialization of 

n1obile robots to establish son1e geon1etrical patterns or formations . Firstly, DPSO is 

used to search for the best position assignment. For this, a cost function is defined, it 

tnay, in son1e cases, involve the angular and translational move1nent by all robots from 

their initial positions in the workspace to their goal positions. The objective is then to 

determine the position for each robot in the formation in order to minimize the cost 

function to fonn a predefined shape. Once each robot has been assigned with a desired 

position, a search schen1e is implemented to obtain a collision free trajectory for each 

robot to establish the fonnation. 

Section 4.2 presents the chapter's pren1ises and problem formulation. Section 4.3 is 

dedicated to particle position and velocity encoding and objective function for the 

problem of position assigrunent. A behaviour-based strategy to search for collision free 

trajectory for each robot to establish the formation is presented in Section 4.4. 
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Simulation results to validate the proposed approach are presented in Section 4.5. A 

conclusion is given in Section 4.6. 

4.2 Premises and Problem Formulation 

The focus here is on the optin1al position assignment and trajectory generation for 

robots in a desired formation, other issues such as tracking control, path planning, 

choice of the leader robot in a forn1ation or tnotion control are beyond the scope of this 

chapter. 

4.2.1 Assumptions 

Let us introduce son1e assumptions: 

• Assumption 1: The planner knows the desired position and configuration of a 

forn1ation, and the initial position of robots which are to form the fonnation. 

• Assun1ption 2: The environment for the initialization process is obstacle-free. 

• Assmnption 3: Each robot moves at a constant and fixed speed and can switch 

instantaneously between a fixed speed and halting. 

Assumptions 1 is true as tnost mobile robots are equipped with onboard sensors and 

Ethernet based LAN s communication devices which enable thetn to reliably broadcast 

messages to the planner. Some robots such as Pioneer II, N01nad with onboard PC 

enable them to localise then1selves, thus enable the plmmer to know their initial 

positions. The position assignment for each robot will be carried out with respect to the 

position of the leader robot which is chosen prior and the formation configuration which 

is known to the plam1er. With assumption 2, the shortest path for a robot to move fron1 

its initial position to the assigned position would be a straight line connecting its initial 

position and its desired position in the formation. With this assumption and the shotiest 

straight line path chosen, the evaluation of objective function in Section 4.3.2 and the 

path finding probletn for each robot to reach its assigned goal are straightforward. 
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Assmnptions 3 is often adopted for tackling n1ulti-robot motion planning [Guo and 

Parker, 2002] and is applicable for robots with low inertia such as AmigoBot. 

4.2.2 Problem statement 

The formation initialisation problem for N robots is now stated as follows: 

Given positions of the leader robot and N follower robots and a desired formation 

configuration, assign a desired position for each robot in the group and find a set of 

velocity profiles for follower robots R, (i = 1, ... , N) to move from their initial positions to 

their desired positions without colliding with each other, while minimising a global 

performance index. 

The global perfonnance index or objective function can be varied to meet the 

requirement of specific scenarios. For instance, if the formation has robots with 

different sensing capacity and its task is to gain the n1aximum information of an area, 

then sensing coverage of the formation must be considered in the performance index. In 

sitnple cases where robots are assumed to be homogeneous, the objective function can 

he a function of total distance (or time equivalently) traversed by all robots in the 

formation. 

We divide the problem into two sub proble1ns: path planning (position assignment) and 

motion planning. The path planning is performed independently using DPSO as an 

optitnizer to find the optimal position assign1nent for each robot. Each robot is assigned 

a desired position in a fonnation according to the criteria in the performance index. 

Once each robot has known its assigned position, the next step is to find a coordination 

scheme so that each robot each own assigned goal without colliding with the other one 

using a behaviour-based strategy. In other words, the second sub problem is to find 

optimal, collision-free trajectories for all follower robots to form the formation. 

4.3 Position Assignment for Robots in the Formation 

Assume that there are N + 1 robots initially scattering in the workplace. One robot has 

been chosen as the reference and is called "the leader robot" and the rest are called 
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follower robots in this chapter. The selection of the leader robot may be based on its 

geometrical advantage to form a formation or powerful sensing capacity and is beyond 

the scope of this work. From the initial position of the selected leader robot together 

with the required fonnation configuration, desired positions of all follower robots in the 

fo rmation are calculated by the planner. It is also noted that, the leader robot maybe a 

physical robot or just a virtual one whose position is referred to for calculation the 

position of other robots in the formation. 

If there are N + 1 robots, including the leader, to form the formation in which each 

desired position of a follower robot in the formation is indexed as ~ , P2 , ... , P1 , .. . , PN 

where P = P (x , y , fJ ), 1. = 1 .. N , and each robot excluding the leader is labelled by the 
.I J J J J 

planner with a unique identification (ID) as Rl' R2 , ... , R1 , ... , RN or just 1, 2, ... , j, ... , N 

for convenience, then each possible position assignment sche1ne should be of the form 

Ps - ( (I) ( 2) (j) (N)) 'tl b . th ID b f .c 11 b t - x , x , ... , x , .... xN w1 1 x . emg e num er o a 10 ower ro o , so 
1 I 2 ) ' J 

X
1 

E {1, .. , N} . This position schen1e 1neans that robot with ID x
1 

is assigned to the 

position index ~ in the formation, robot with ID x 2 is assigned to the position index P2 , 

and so forth. As the superscripts in the position assignn1ent scheme PSi are ascending 

in the order from 1 to N , it can be omitted and the position assignment scheme is 

simply represented as PSi= (xi' x2, ... , x1, ... , xN). For example, if a wedge formation of 

7 robots to be formed is shown as in Figure 4.1(a), where L is the leader robot, and a 

position assignment scheme PS = (2, 4, 1, 5, 3, 6) is chosen, then the desired position of 

each robot in the formation is shown in Figure 3.1 (b). 

4.3.1 Particle Position and Velocity Encoding 

A. Particle Position 

As we are looking for the best position assignn1ent schen1e PShesl so each possible 

position schen1e PS, is seen as a "position". To ease the n1athematical notation for the 

PSO algori thm, a particle position for this problem is of the form: 

( 4.1) 
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Figure 4.1: A position assignment scheme for a wedge formation with 7 robots 

with x1 E {1, .. , N} and x1 7:- xk for any j 7:- k and n is the number of particles in the 

swarm. For exmnple, given 6 follower robots to form a formation and a set of 4 particle 

positions could look like this: 

PI = (5, 4, 3, 2, 6, 1) 
p 2 = (1, 4, 6, 2, 5, 3) 
p 3= (6, 5, 2, 4, 3, 1) 
p4 = (2, 3, 1, 4, 5, 6) 

State space (or search space) of the problem is the finite set of all possible position 

assigmnent schemes S ={PSi} . 

B. Particle Velocity: 

According to equation (3 .2) to update the position of a particle, particle velocity is 

defined as the difference between the two particle positions during the interval of two 

time steps or in other words, when applied to equation (3 .2), it gives another position. 

Actually, the particle velocity is a list of transpositions and is of the form: 

(4.2) 

with q t ~ " 11 , nq , mq E {1 , .. , N -1 }, i = 1, 2, ... , n and nk 7:- mk where llvll is the magnitude of 

a particle velocity. This velocity, when applied to the equation (3.9), will exchange the 
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position assignments of robots with IDs nl' n2 , ... , nk with robots with IDs 

m1, m2 , ... , mk, respectively. 

Once the particle position and velocity have been defined, in order to implement the 

DPSO algorithm s01ne basic operations need to be defined as stated earlier in Section 

3.3. Let rewrite the equation to imple1nent DPSO 

1 .new 1 .old I 1 ,h 1 ,old 2 h 1 ,old ' 

{
v = w ® v (+) c ® (p (-) p ) (+) c ® (g (-) p ) 

P 1.new = P 1,old EB v 1.new 

(4.3) 

where operators EB , (-) , ( +), and ® are defined as below 

C. Mathematical Operation Definitions 

In order to obtain the new velocity, we need to in1plement the multiplication of a 

coefficient with a velocity, the substraction between the two positions and the addition 

of two velocities. Sin1ilarly, the "n1ove" or "position plus velocity" operation has to be 

performed to update the new position. Adopting [Cierc, 2005] , we define the necessary 

operations as follow 

• "Move" or "position p lus velocity" operation: 

Let p be a position and v a velocity. The "EB" operator in the equation p' = p EB v to 

update a position is performed by applying the first transposition of v to p , then the 

second one to the result from the first transposition and so forth. For example, if the 

above exmnple particle position p 1 = (5, 4, 3, 2, 6, 1) moves with the velocity 

v1 = ((2, 3), (1, 5)) then the new particle position will be: p\ = (6, 3, 4, 2, 5, 1). 

It is noted that different velocities may give the same result when applied to any 

position. Such velocities are named the equivalent set of velocities. In the equivalent 

set, the one with the least transpositions is called the basis velocity of the set. 

• Substraction or ''position minus position" operation: 
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Let p
1 

and p 2 be two positions. According to the definition of a particle velocity, the 

difference between the two particle positions p 1 (-) p2 is a velocity. The substraction 

operation (-) is to find a list of transpositions so that when applying these 

transpositions to p 2 , p 1 will be obtained. The pseudo code for this algorithm is as 

follow 

List of transpositions = empty 

For i = I to length of P1 

For each p 1 (i), search for p 2 (j) so that p 1 (i) = p 2 (j) 

If i = j then there is no transposition 

Else 

Add (i, j) to the list of transpositions 

End If 

End For 

Velocity = list of transpositions 

Note that if p 1 = p 2 then there is no transposition needed, i.e., v = p 1 (-) p 2 = 0 

• "Addition" or ((veloc ity p lus velocity" operation: 

Let v
1 

and v2 be two velocities. V1 ( +) v2 gives the list of transpositions which contains 

fi rst the ones of v1 , followed by the ones of v2 • 

• ((Multiplication " or "coefficient times velocity" operation: 

Let c be a coefficient and v a velocity. With different value of c , there are three cases: 

Case 1 : if c = 0 then c ® v = 0 

Case 2: if 0 < c ::; 1 then the 1nultiplication operation is the truncation of v. 
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If v, = ((n1 , 111 1) , (n2 , mJ, ... , (nq, m,)) with q t 1~" 11 , then the truncation would g1ve 

c ® v, = (Cn~' m1 ) , (n2 , mJ, ... , (n,, m) ) with j t 1~c0" 11 • As one can see, the greater c is, the 

more transpositions in v are maintained and the truncation is performed on the last 

ele1nents in the transposition list. 

Case 3: if c > 1 , one can rewrite c = k + c' where k E N, c' E [0,1] so the multiplication 

operation is implen1ented by cv = v ( +) v ( +) . . . ( +) v ( +) c'®v 
k times 

4.3.2 Objective Function 

As mentioned in Section 4.2 .2, the global performance index or obj ective function for 

initialising robotic fonnations varies fron1 one specific scenario to another or depends 

on the requiren1ent of the problem. The solution found must be subject to deadlock-

free. 

Let us tal e the case where the total distance traversed by all robots to form the 

formation is required to be minimised as an example. To ease the computational burden 

of the planner as well as the implementation complexity in trajectory tracking for each 

robot, the trajectory of each robot when moving from an initial position to its desired 

position is separated into three phases. They are (i) spinning on its wheels to align with 

the straight line segment connecting its initial position to its desired position; (ii) 

following that line, and (iii) spinning on its wheels to align with the formation 

orientation. Figure 4.2 shows the shape of a robot path in the configuration space. The 

three subpaths corresponding to the three phases are : 

• Sub path [a, b] is when a robot spins on its whee ls, as can be seen, only 

orientation of the robot changes from the initial orientation eo to el while its 

position (x,y) remains unchanged. 

• Subpath [b, c] is when a robot follows the straight line segment, only its position 

(x, y) changes whi le its orientation remains unchanged as 81 • 
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• Subpath [ c, d] is when a robot spins on its wheels to align itself with the 

formation. Its orientation changes from 81 to () 1 while its position remains 

unchanged. 

Suppose the (h follower robot does not have to wait for other robots in a potential 

collision or there is no propensity of collision, then the time needed to reach its goal is 

T - 1 - 1 - 1d . =OJ a 1 +0J a 2 +v . , 
I I 1 , I I , I I 

(4.4) 

where a i,1 , ai,2 and di are respectively angular and translational displacement 

corresponding to each phase. 

The objective function for N + 1 robots including the leader to form a formation is as 

follow 

N - 1 

min(F = L~) 
v, , ru, i=l (4.5) 
s.t. deadlock- free 

The actual total time executed by a follower robot to reach a desired position may be 

different fron1 (4.4) as it may have to stop and wait for other robots if inter-vehicle 

e 

2n 
8r -- ---- d 
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y 

a 

X 
configuration space 

Figure 4.2. Shape of a robot path in a configuration space 
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collision is to happen. As each robot 's angular (a;,,+ a;.z) and transl ational (dJ 

n1oven1ent are assigned by the desired fonnation shape, a solution obtained with a 

n1inin1um cost defined by ( 4 .5) will result in a stnall reaching time for the initialisation 

of some robotic forn1ations subject to the safety condition of inter-robot collision 

avoidance, which will be described in the next section. 

With those mathetnatical objects and operations defined in section 4.3 .1, equation ( 4.3 .) 

is used to update the particle positions and velocities. The objective function is defined 

to evaluate the best position for each particle Pi ,hest and the global best position ghest on 

the tin1e-optimal basis. 

4.4 Motion Planning 

As mentioned, the cost function used in DPSO algorithm should be subject to the 

collision-free condition. This constraint is resolved via a motion planner to construct a 

suitable trajectory for each robot where its safety will be preserved. A solution to the 

fonnation initialization problen1 exists if a position assig1m1ent scheme collision-free 

trajectory for each robot is found. 

4.4.1 Geometrical Model and Path 

A. Geometrical model 

For the safety purpose, the physical robot may be modelled as a circle with radius 

rwt~ = r + rm argin' where r is the distance from the centre of the robot to its furthest point 

and ~~~~arg/11 is the 1narginal clearance around it [Nguyen, et al., 2006a] as shown in Figure 

4.3(a). Denoting p the distance between the centres of two robots i and j, a 

measuring describing the possibility of collision between the two robots can be 

described as 

f - p-2r 
'I - .w{c (4.6) 

where f, > 0 ~ safe, J,i ~ 0 ~ unsafe (4.7) 
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B. Robot path 

We assun1e that circle robots tnove along paths defined by sequences of straight line 

segment (S) and arcs of a circle (A) which are denoted as (SA) [Laumond, 1986; 

Mirtich and Canny, 1992; Svestka and Overmars, 1995]. Such assumption is not only 

theoretically supported by [Sitneon et al., 2002] but also practically considered as most 

cotnmonly-used of the existing complete 1notion platmer for tnobile robots. It results in 

robot paths of type straight line-circular arc (SA). With this type of path and the circle 

model of a robot, con1putation of the swept volume or trace, described below, of a robot 

path which will be defined below is simple and con1putationally effective. 

C. Traces 

Trace or swept volume is a set that contains all the points in the workspace that have 

been swept over when a robot n1oves a long a path in a time interval. An effective 

algori th1n to cotnpute a trace for a robot of polygon shape moving a long a path of type 

SA can be found in [Simeon et al., 1998]. 

As the robot is modelled as a circle with radius rmre and the path is of type SA , the trace 

is a generalized polygon whose boundary consists of two straight line segments and two 

arcs which are half a circle as shown in Figure 4.3(b ). WTith this type of traces, it is very 

easy and practical to perform the geotnetrical collision checking procedure. 

4.4.2 Collision Check and Coordination Diagram 

Geometrical check is perforn1ed to identify robots which potentially collide with each 

other. 

To deal with collision propensity in n1otion planning for two robots, the intersection of 

their paths (or two traces) is often computed to fonn the so called coordination diagram 

[Guo and Parker, 2002; Simeon et al. , 2002] or the task-completion diagram as In 

[O'Donnell and Lozano-Periz, 1989]. Let us consider the two paths r 1 (sJ and r 2 (s2 ) 1n 

the configuration space C with s 1,S2 E [0, 1] as shown in Figure 4.4(a). The bold 

subpaths [al' bJ and [a2 ,bJ of robots R
1 

and R2 , respectively, are configurations at 
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(a) (b) 

Figure 4.3. Geometrical model of a mobile robot and its trace 

which robot R, (respectively R2 ) intersects the path of the other one. Figure 4.4(b) 

shows the corresponding "task-completion" diagran1 where both axes are decomposed 

into small path segments. The shaded areas are the set of configuration pairs (s,, s2 ) 

such that the robots collide when they are on r,(s,) and r 2 (sJ, respectively. Such 

shaded areas are considered in the configuration space as obstacles that robots need to 

avoid . This diagram is used to search for a collision-free path that connects the lower 

left corner of the diagram (0, 0) to the top right corner (1, 1). If such path can be found 

then there exists a solution to the problern of motion coordination between the two 

robots. It is noted that with the feature of a robot path which is a straight line 

connecting the two configurations in a workspace, as described in Section 4.2, two 

robots will collide with each other once and only once if such a collision exists. In 

other words, once the collision between two robot, if there is one, is resolved, they are 

collision-free with regard to each other from then till when they reach their own goals. 

In general cases where N robot paths r, (si) are considered, the coordination diagram is 

an N di1nensional cube defined by the Cartesian product of the N sets of parameter 

values s, that place each robot on path r, [Guo and Parker, 2002; Simeon et al., 2002]. 

The N cube can be subdivided into free and obstacle regions that reflect the possible 
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interferences between robots: a point belongs to an obstacle region if at least two robots 

collide; otherwise it is a free point. By an inverse n1apping, a point on this collision-

free path detennines the position along its path of each robot in the workspace. A 

solution to the coordination problem is a collision-free path between (0, ... 0) to (1, ... 1). 

If a non-decreasing in path length constraint is applied to the search, at each step or grid 

point, 2N -1 con1binations must be considered. The non-decreasing in path length 

constraint can be interpreted as either a robot 1noves forward or stops, no backward 

motion is allowed. The computational expense of the search of this N dimensional 

diagram increases exponentially with the number of robots, hence limits the 

applications where a large nun1ber of robots are deployed. 

4.4.3 Behaviour Based Motion Planning 

Our proposed method does not search through an N dimensional diagram, instead, a 

behaviour based strategy is proposed to coordinate those robots to establish a formation. 

To reduce the search time for n1otion planning, the robots whose paths do not 

geometrically col lide with others will be excluded from the search operation and their 

velocity profiles are constructed straightforward. For those robots whose geometrical 

path cross the other paths, their velocity profiles are obtained fr01n the search by 

adopting further a proposed inter-vehicle collision avoidance strategy, described in the 

rest of this section. It is noted that those robots may or may not collide with each others 

depending whether or not they reach the a point in the coordination diagram at the same 

time. 

A. Collision time diagram 

To avoid searching through an N dimensional diagram , instead of building the N 

dimensional coordination diagram in a configuration space C, the time instant and 

duration each robot crosses the other robots' paths is calculated and has the form as: 

cr; = {Ct ~' ti' index!), u;' /1
2

' index2 ), ... ' (t ~ ' t/' index) )}, ( 4. 8) 

which n1eans robot R, crosses and occupies the path of robot R , during the period 
/Ill ex

1 
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Figure 4.4. (a) Two robot paths. (b) The coordination diagram 

Once a robot crosses another robot's path, it is included in the inter-vehicle collision 

avoidance checking, described in Section 4.4.3.F, even if it does not reach the crossing 

point at the same time with the other robot. Thus, CT, will change over time as 

ex plained later. 

B. Solutionform 

The search result for robot R, is of the form VP, = [bi' b2 , .. . , bM; ], where b, E {0, 1} and 

lvf, is the number of time steps in the search outcome for robot R,. The value of M; 

will depend on the path length of robot R; , its velocity, and the duration of each time 

step in the search process. Robot R; will follow its planned path with a constant 

velocity during the i'" time slot if b; = 1 ; otherwise, it stops. When b; = 1 , the velocity 

of robot R, may be (v; = 0, OJ;= canst) if it is spinning on wheels (subpaths [a,b] or 

[c ,d] in figure 3.2), or (v , =canst, OJ; = 0) if it is following the straight line to its 

desired position (subpath [b,c] in Figure 4.2). 
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C. Restructure of Collis ion time diagram 

Collision between any two robots, if occurs, will take place only one time due to the 

feature of a robot path. Hence, once the collision issue has been resolved, these two 

robots are collision-free with each other so either one will be released from the safety 

check with respect to the other. If a robot has no more potential collision with others, it 

will be released from the inter-robot collision checking procedure and it will safely 

follow its planned path. With this feature, at each time step, at most N C~ s are 

checked if all N follower robots are involved in the collision and as the search 

proceeds, fewer C~ s are checked once robots have no more potential collision with 

others. The search process will stops when all robots have been released, in other words 

when all C~ s are en1pty. The tin1e intervals of potential collision (t~ , t() in each C~ 

are updated at each titne step with the following manner: 

• If during the i'11 ti1ne sl ot R, will follow its own path then there is no update. 

• If R, has to stop during the i''' tin1e slot, then all the time indices (t ~, t
1

1
) will be 

shifted as / ~ = t~ + t ,,ep, t
1

1 = t( + t_,,ep, where ts,ep is the time slot of a step in a 

search process. 

D. Deadlock 

Deadlock 1nay occur if the path of robot R; crosses the target of robot R1 and R1 has 

reached its target before R, passes through [Kwok et al., 2006] as shown in Figure 4.5. 

In order to avoid this deadlock, R1 n1ust wait until Ri passes its target. 

E. Priority of robots 

In the search process, a priority for each robot is assigned according to specific 

scenarios. If a robot reaches the crossing area before its counter-part and no deadlock 

occurs when crossing the area first, then it will have a higher priority than its counter-

part. If deadlock occurs, it has to wait for its counter-part to cross first and therefore, 
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R, 

Figure 4.5. Deadlock between two robots 

acting in a lower priority. With this 1nethod of priority assignment, the total waiting 

tin1e for two robots at crossing point is minimised. 

F. Procedure for checking collision avoidance 

A search for velocity profile is perforn1ed adopting the proposed behaviour based 

strategy to avoid collision and deadlock. The search algorithm is described as bellow. 

At each ti1ne step i'", the current tin1e is compared with the tin1e in cr;, there are three 

possibilities: 

1. If Ri does not reach any crossing area, set b, = 1 . 

2. If Ri is at a crossing area 

2.1. If deadlock occurs when it 1noves, set bi = 0 . 

2.2. If no deadlock occurs and its counter-part has not reached this 

crossing area, set b, = 1 

2.3. If no deadlock occurs and its counter-part has reached this 

crossing area: 
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2.3 .1 . If it has entered this area before its counter-part then it 

will continue tnoving, i. e., set, b; = 1 . 

2.3 .2. If a counter-part has entered this area before the 

considered robot Rl, then check the collision potential 

between the two robots if both of them move to the 

next step. Set b; accordingly, i.e., b; = 1 if no 

coll ision exists and b; = 0 otherwise. 

3. If R; has passed the crossing area, then release R; and its counter-part 

fro tn C'F;. If C~ is empty, it is on1itted in the checking procedure in 

future steps. 

The procedure is proceeded until all C'F; are empty. 

After all the search results have been found, desired velocity profiles or safe trajectories 

for all robots in the formation will be constructed straightforwardly. At each time step, 

V~ = [h
1

, b~, · · ·, bM, ] is read and mapped to the form of a reference trajectory 

(xn(t),yri(t),Brt(t)) or velocity profile (vri(t),w,;(t)) for a virtual reference robot 

[Jongusuk and Mita, 2001 ], whose kinematic n1odel and dynmnic constraints are subject 

to (2.1-2.6). 

4.5 Motion control 

Various trajectory tracking controllers for wheeled mobile robots have been developed, 

some typical tracking controllers are proposed in [Dixon et al., 2000; Jiang and 

Nij1neijer, 1997; Kana yam a et al., 1990]. In [Dixon et al., 2000], a unified tracking and 

regulation control ler is proposed where transient responses of the position and 

orientation tracking and regulation errors are bounded by an exponentially decaying 

envelope. In their controller, the regulation problem is treated as a special case of the 

time-varying trajectory tracking problen1; hence no switching to a tracking controller is 

needed. 
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It is noted that in the initialization stage some robots may have to stop to avoid collision 

with the others several times and s01ne may reach their desired positions before others, 

i. e . their velocities n1ay switch between zero and constant value before they are engaged 

in the trajectory tracking stage for formation maintenance. Another problem facing the 

formation trajectory tracking is the singularities which can be overcome provided that 

certain gain conditions are satisfied as detailed in [Dixon et al., 2000] where the unified 

tracking and regulation controllers are proposed. These together suggest the use of these 

controllers in thi s work where motion control is involved. The rest of this section briefly 

describes and analyzes these tracking controllers . 

The motion for each robot is governed by equation (2.1 ) which is rewritten as follows: 

(4 .9) 

where q(t) E R3
, defi ned as q(t) = [x(t) , y (t) , B(t)]" , represents the time derivative of 

q(t) E 91 3
• 

The actual trajectory for the i'" robot and its reference trajectory are denoted respectively 

as (x, (/) , y, (t), (); (L)) and (x /1 (t) , Yn (t), ()" (t)) . The error between the reference and actual 

trajectories are defined as : 

x(t) = x,(t) - x,; (t ) 

y(f ) = yi(t)- Yn (f) ' 

e c t) = ei c t ) - e,; c t ) 

where x, (l), Y; (t), (); (t) , x,; (t), Yn (t), and B,; (t) E 91 1 
• 

( 4.1 0) 

Let us define new variable z(t ) = [z1 (t) z2 (t)f E 91 2 and w(t) E 91 1 which are derived 

from the Cartesian position and orientation of the robot by the following transformation: 

[z(t ) w(t)f = T[x(t) y(t) B(t)f , ( 4.11) 

where T E m ]x] is the transformation matrix which is defined as 
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0 
sin() 

I 
( 4.12) 

Taking the time derivative of(4.11) using (4.12) and (4.10), one can obtain: 

[

:] = [z ,iJ- z, (v- iJCX;in B- .Y cos B))], 
z2 v- ec:x sin()- y cos()) 

where the order of the new variables are rearranged and index 

simplicity. 

( 4.13) 

1s omitted for 

For feedback linearization, the control law Is defined as u(t) = [u1(t) u2 (t)f E 91 2 

where 

l :: l = l v- ecx sin~- y cos B) J · (4.14) 

Transformed kinen1atic equation ( 4.13) can be re'Arritten as 

( 4.1 5) 

Let J E 91 2
x

2 is a constant, skew-symmetric matrix defined as: 

( 4.16) 

Equation ( 4.15) can be rewritten in the fo llowing compact form: 

( 4.17) 
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The control objective is to design an exponentially regu lating contro ller for wheeled 

mobile robot kinematic model given by (4.17). An auxiliary error signal z(t) E 91 2
, 

which is the difference between the subsequently designed auxiliary signal z" (t) E 91 2 

and the transformed variable z(t) as follows 

z = z"- z . ( 4.18) 

The control signal u(t) is designed as follows: 

u = u" - kz, ( 4.19) 

where k > 0 is a design parameter and the ua (t) E 91 2 is the control term which is 

defined as 

(4.20) 

The auxiliary reference z" (t) in (4.18) and (4.20) is of an oscillator-like shape and 

generated by the following initial-value differential equation: 

z. = ~" z" +(~ + wn,).Jz.~, 
" " 

z~ (O)z" (0) = 6,~ (0) 

and the auxiliary terms 0 1 (t), 6" (t) E 91 1 in ( 4.20) and ( 4.21) are defined as 

8 kw2 

nl =k+_!!.._+-2, 
6d 6d 

6" = a0 exp( -a/) 

where a 0 , a 1 > 0 are design paran1eters. 

(4.21) 

(4.22) 

One may notice that 6d (t) defined as in ( 4.22) decays to zero exponentially fast, the 

tern1s in ( 4.20)-( 4.22) appear to be unbounded as t ~ oo. However, it is demonstrated 

in [Dixon et a!. , 2000] that such potential singularities can be always avoided provided 
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that certain gain condi tions are met. The possibility of infinite or vert large value of the 

control signal as wel l as the control sensitivity remains a disadvantage of feedback 

li nearisation. Another teclu1ique leading to complete alleviation of control singularities 

can be found in [Nguyen, et al., 2007]. 

4.6 Simulation Results 

The proposed method for robotic format ion initiali sation us1ng DPSO and the 

behavioural collision avoidance strategy is applied in simulation for different types of 

formation configurations vvith various number of robots to demonstrate its validity. The 

first sin1ulation involves 9 robots to form a line formation while the second simulation 

shows 9 robots to form a wedge fonnation. 

In the first sin1ulation, as shown in Figure 4.7 (the top snapshot), the robots from left to 

ri ght and top to bottom are the leader robot, the initial location of follower robots 

Rl' R4 , R6 , R3 , R5 , R7 , R8 and R2 , respectively, in an initial obstacle-free workplace of 

4.5m x l6.S1n. The DPSO algorithn1 with the objective function being the minimun1 

time corresponding to the total distance traversed by all follower robots gives the best 

position as Phe.,, = [1 , 4, 3, 6, 5, 8, 7, 2]. Figure 4.6 shows the resulted velocity profiles of 

8 follower robots from R
1 

to R8 from the botton1 to the top, respectively, and fitness 

function value of the best particle against iterations with 50 particles in the swarm. 

Figure 4. 7 shows the snap shots over tin1e for 9 robots to form a line formation. As can 

be seen from the velocity profiles in Figure 4.6 (b), robot R3 and R7 have to stop to 

avoid collision with R4 and R2 , respectively. Figure 4.8 shows the fitness value of the 

best particle with 30 and 70 particles in the swarm. Repeated implementation of the 

algorith1n with 500 iterations and different number of particles shows that how fast the 

best position scheme is found, i.e., after how tnany iterations, the best position scheme 

will be decided, does not necessarily depend on the number of the particles in the 

swann in separate run although it is certainly quicker according with the number of 

particles on average as one would expect. In the second scenario, 9 robots are to fonn a 

wedge fonnation. The results are shown in Figure 4.9 and Figure 4.1 0. 
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Figure 4.6. Example of nine robots to form a line formation. (a) fitness function of 

the global best, (b) velocity profiles. 
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Figure 4.7. Nine robots to form a line formation: snapshots of the formation over 

time 
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Figure 4.8. Fitness function of the global best with different number of particles in 

the swarm. 



4. DPSO Based Formation Initialisation 

I I 5 

I I 0 

'0' 105 
Q) 

E 

...... 
Vl 8 100 

95 

50 

[ 
5 10 

100 
iterat ions 

(a) 

-- ----

150 

L------·~-

15 20 25 
ti1ne (s) 

(b) 

68 

200 

30 

Figure 4.9. Example of nine robots to form a wedge fonnation. (a) fitness function 

of the global best, (b) velocity profiles. 



4. DPSO Based Formation Initialisation 

5 - ~ --- -- ------j-------------:------------i-- ---- - ----~ - - ---------
0 ' ' 

' ' 
: C> <I 

. ~-- -------- - - ~ - - - --- ------:----------- - -~ --------- - ~ - -- --- - ----
C>: 

' ' -5 -~- - - -------- -~--------- - - v---- ------ -~------------:-----------
-15 -I 0 -5 0 

x(m) 
5 10 15 

I I I I I I I 5 -:- ------- -- -.;.t·-----------:-------- ----:------------:------------:-----------:--
1 I I I I I 
I I I I I 

I I I I I 

: ~ [> "J ~ ... : 
' ' Ll : 

E' o -~ ------- ---- -~--- ----- --- -~--- ---- --- -- -~ --- -------:----------- - ~ ----------- ~--
>:: ' : : : <l : : : 

---.. 
5 
>-. 

I I I I 
I I I I 

: 4o. : : : 
I I I I 

-5 -;--------- --- ~--- --- ----- tic ---------- - ~-------- ---- i---------- -- ~----- - --- - - ~--
I I I I I I I 

5 

0 

-5 

-15 -I 0 -5 0 5 I 0 15 
x(m) 

-~------ - ----- ~- ------ --- -- _!_--- ------- -~------------ ~------------ ~-- ----- -- --- ~-
: : ;... : : : 
I I I I I 

: :<:J : : : 
: : E> : : I 

: I A : I A 
- ~ - - - -- - - - --- -~ - - - - - - - - - - - -:- - - - - - --- - - - -~ - - - - - - - - - - ~ - - - - - - -- - - - -~ - - - - -- - - - - - ~ -

: : : <J : : : 
I I I I I I 

I I I I I 

I I I 0 

' ' ' ' ' ' ' ' ' 
I : ... I I : : 
I I I I I I I 

,---- - --- --- -;---- - -.- - -- - , - - ------ - --- ,------ ------ r - -- - ------- -;------ --- - -,-
I I t 1 I I 

-15 -I 0 -5 0 
x( m) 

5 10 15 

I I I I 5 -: ------ --- -:---- -------:--·-------·-:· ·- -- ---- ··:-----------·:·---------·:-
: !> : : ' 

I;> ' ' 
: I> 

....-.... I I I s 0 - :--------- --:---- ---- ----:------- ------?---- ------ -:- --- --------:------- ----~-
>1 : : <J : : : : 

' : <1 : ' ' : 
' ' 

~ ' ' 

-5 -; ------------~- ---- --~ --_j_ - - - - - - - - - - - ~- - - - - - - - - - - - ; - - - - - - - - - - - - ~ - - - - - - - - - - - ~-
- 15 -I 0 -5 0 

x(m) 
5 10 J 5 

5 -'------------:--------- ----:--------- -- -:----------- -: -- ----------:- --------- --:-
~ : I : 

t;> 

: I> 

~ ~ I I 

E 0 -~--------- -- -~- ---------- ~------- -- ----~ --------- - ~- -----------:----------- -i-
>:: : : : C> : : : : 

-5 

- 15 

: : I> : : : : 
I I I I I I 

I 1:>- 1 I I I 

I I I I I I 

I I I I I 

I I I I 

' ' ----·-.-------------,-

-I 0 -5 

I I I I -------- -,- ---------- -r-- -- --------,----- -------r-

0 
x(m) 

5 10 15 

69 

Figure 4.10. Nine robots to form a wedge formation: snapshots of the formation 

over time 



4. DPSO Based Formation Initialisation 70 

4. 7 Conclusion 

This chapter has proposed an algorithm to optimally initialise a robotic format ion. The 

initialisation process is divided into two subtasks: optimal position assignn1ent and 

motion coordination. Discrete Particle Swarn1 Optimization is utilised to find the 

optimal position for each robot in the formation and velocity profile for each robot is 

constructed by adopting a behaviour based strategy. 

Making use of the fact that two robots will potentially collide with each other only once 

in the coordination diagram, it is essential for the safety of both robots when that 

collision propensity is released. The velocity profile search can then be performed in 

time coordination instead of in configuration coordination, thus avoiding constructing a 

configuration coordination diagran1, which is computationally extensive. 

Initialisation is the very first task for a fonnation. A thorough generic frmnework to 

integrate 1notion control and planning for robotic fonnation is proposed in the next 

chapter. 
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Chapter 5 

Generic Framework for Planning and 

Control of Robotic Formations 

5.1 Introduction 

The deployn1ent of a robotic fonnation to fulfil a task comprises the fulfilment of fours 

basic issues which are [Schneider and \Vildermuth, 2003] (i) Assembling at the starting 

point and/or establish the formation, (ii) Maintaining fonnation while moving, (iii) 

A voiding obstacles while occasionally splitting/defonning and then re-establishing the 

forn1ation, and (iv) Changing the shape of the formation upon request to accommodate 

the new tasks. 

In the robotics literature, there has been little effort paid to these four issues thoroughly. 

A framework was proposed in [Hao and Agrawal, 2003] consisting of the later three 

subtasks. In that work, the path for a leader is found by using a search algorithm, then 

trajectory for each robot is generated and a Lyapunov based controller is designed to 

keep the robots on their desired trajectories. Though the simulation and experiment 
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results are well shown which covered the three subtasks, some of the issues such as how 

to update the map of the environment and replan online as declared were not addressed 

explicitly. Schneider and Wildermuth also used potential field method which is popular 

for obstacle avoidance applications for n1obile robots and manipulators to tackle these 

four subtasks [Schneider and Wildermuth, 2003]. While potential field is simple to 

implement, its inherent and substantial shortcomings such as local minima, oscillation 

when navigating through a narrow passage limit its applications. Mover, no global path 

planning which is essential to navigate through a complicated environment was not 

addressed in this work. 

In this chapter, an efficient framework which covers the fours subtasks is proposed to 

control a group of tnobile robots moving in a predefined formation in a known and 

static envirorunent. The n1ap of the environn1ent is not dealt with but assutned to be 

available in the grid cell form. The initial position of the leader robot, i.e. the one with 

n1ore ge01netrical advantage or powerful sensing capacity, is used as the starting point 

to plan the path for the formation. It is asstuned that the robots are initially placed in the 

workspace such that the starting positions of all other robots in the group are reachable, 

or in other words, the initialization process as described in chapter 3 could be deployed. 

The coordination between the robots in forming and n1aintaining the formation, 

changing its shape to deal with obstacle and inter-robots collision is acquired by 

adjusting the geon1etric paths and the velocity profiles. This work, inspired by [Hao 

and Agrawal, 2003], aims to integrate the path planning and control strategies in 

moving toward a generic architecture for robotic formation control. The interesting 

features here are that the paths produced will be adequately short and feasibly smooth 

by using the "line-of-sight" principle in consequence with the consideration on the 

robots orientation between the arc and straight portions of the paths. The coordination 

between the robots in maintaining the formation is guaranteed using the motion 

planning as proposed in [Barfoot and Clark, 2004]. Changing the formation shape to 

fulfil a specific task or to deal with obstacle collision is acquired by planning the offsets 

from the reference trajectory in curvilinear coordinates for each robot. Moreover, at 

higher levels, the unified controllers will not only guarantee a given trajectory tracking 

error of the robots in the fonnation but also incorporate appropriate adjustments of the 
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generated trajectories to avoid coll ision with obstacles according to the "drive-to-point" 

measure. 

The rest of this chapter is organised as follows. In Section 5.2, a rationale for the 

proposed planning and control integration for robotic formations is provided. Path 

planning and smoothing are presented in Section 5.3. Section 5.4 describes motion 

planning for the formation. Coordination strategy to avoid obstacles and inter-robot 

coll ision is presented in Section 5.5. Simulation and experiment results are provided in 

section 5.6. A conclusion is given in Section 5.7. 

5.2 Rationale 

The idea behind the proposed mechanisms for planning and control of a robotic 

fonnation can be illustrated in a flowchati shown in Fig. 5.1. The description can be 

stated as below. 

After a robot has been chosen as the formation leader, the modified A* search is 

performed to find a path for the whole formation, with the planning step being equal to 

or greater than the formation width. If a path is not found in this step, the planning step 

is reduced to one. If a path is found in this step, it is optimal subject to the defined 

heuristics and the path for the leader robot is always safe. The path found is smoothed 

out to reduce the nun1ber of turns and to satisfy the dynamic and kinematic constraints of 

mobile robots. A reference trajectory is then generated for the leader robot. Based on 

the formation configuration, the trajectories for the follower robots in the formation are 

obtained. If a possibility of collision between fo llower robots and obstacles occurs, 

"drive- to- point" measures are calculated and the architecture will prompt to a suitable 

adjustment of the corresponding trajectories of those robots that may be involved in 

collision. In some cases this 1nay lead to a change in the formation configuration. At the 

lowest level , each robot of the fonnation tracks its own trajectory until the goal is 

reached. Here for the path planning, the search will begin with the initial position of the 

robot chosen as the fonnation leader, assuming that the starting formation can be formed 

with that leader robot. Based on the leader initial position and the predefined 

configuration of the formation, initial positions of other robots in the formation can be 
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Figure 5.1 Framework for robotic formation planning and control. 
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calculated. A sn1oothing technique will then be applied to generate feasible paths, as 

described in the next section. 

5.3 Path Planning and Smoothing 

5.3.1 Path Planning 

A grid map is assumed to be available at this stage. Each cell is a node in the search 

process. The optin1al path fron1 the initial point to the goal point can be found using 

various standard graph search methods. 

An1ongst graph search methods, the A* method is frequently employed to search the free 

space for an optimal path. As the A* method may be computationally-inefficient, the so-

called n1odified A* search, can be used to lessen the computational burden involved and 

thus, is chosen for path planning in this work. As described in [Wanen, 1993] , the A* 

search algorithm is an effective heuristic improvement of Dijkstra's algorithm and best-

first-search. A brief description of A* search is given as below. 

The map of the environment to conduct the search for an optin1al pati is of certainty grid 

type in which cells are labeled as safe or forbidden. The procedure of the search is as 

follows : 

1. The starting node (cell) which is labeled as S is opened and placed on a list 

called OPEN 

2. Look for the node with lowest cost f in the OPEN list. This node is labeled 

as the current node. The cost for each node in the OPEN list is calculated as 

f(n) = g(n) + h(n) (5.1) 

where g(n) is the cost to tnove from the starting node to the node n, 

following the generated path and h(n) is the estimated cost (heuristic) to 

move from node n to the goal. 

3. Put the node found at step 2 (current node) to the CLOSED list. 
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4. For each adjacent node to the current node: 

a. 4.1 . If it is not in the OPEN or CLOSED list or a forbidden cell , put it 

in the OPEN list and calculate its cost and make the current node as 

its parent 

b . If it is already in the OPEN list, check if this path is better and change 

the parent for this node accordingly. 

c. Stop if the target node is added to the CLOSED list (a path has been 

found) or the target node is not in the CLOSED list and the OPEN list 

is empty (no path is found) 

5. Go to step 2 

The path, if found, is an optimal one which is a comprmnise of length distance from the 

path to obstacles. However, it is very computational costly due to many nodes are 

opened and reopened, especially when the environment to be explored is large or when 

online planning is required. To overcmne this drawback, one may build a grid map with 

sn1aller resolution; hence the search is conducted with fewer nodes. However, this 

sol uti on may result in elin1inating possible paths. Warren proposed a solution to this 

problen1 in [Warren, 1993] by perfonning a loose search. 

Fig. 5.2 illustrates the modified A* search for k=4, where k is the planning step. The 

algoritlun to perforn1 the modified A* search is similar as the A* search. However, the 

difference between the two algorithms lies in the expansion method of the nodes. In 

modified A* search, when a node is expanded, its children nodes are attached not 

adjacently to it as in A* search but in k cells away. The vector approach in [Warren, 

1991] is used to check the visibility from the expanded node to its children nodes, i.e. to 

check whether a straight line frmn the expanded node to a children node intersects any 

obstacle. If this straight line crosses any obstacle, the children node is not opened or 

reopened but regarded as a forbidden node. One may notice that, the goal node may not 

lie on the loose grid. This is tackled again by using the vector approach to check the 

visibili ty between the goal and the nodes with a minin1um cost for being opened. If the 

goal is visible then the search process is terminated and the safe path is found. 
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Figure 5.2. Modified A* search in 2D with planning step k=4 

At first glance, one tnay argue that the additional expansion to check the visibility would 

seem to reduce the speed of the search which is true in the short term. As pointed out in 

[Warren, 1993], empirical experin1ents show that the goal is visible from the open node 

far long before the A* would terminate at the goal node, hence many of the expansions 

would have been taken in traditional A* search will not be performed in modified A* 

search. The result is that the total nmnber of expansions is greatly reduced. However, 

this is not the case where the goal is well sealed from many cells, resulting in more 

expansions. 

A drawback of this method is that a safe path may not be found even there exists one. 

The alternation is to reduce the planning step k if no path is found with a specific k. 

When k is reduced to 1, the n1ethod becomes the traditional A* search. 

In this work, we adopt the n1odified A* search to find a path for a reference point which 

can be a virtual robot or the leader of the formation. The planning step k is chosen to be 

equal or greater than the forn1ation width. Therefore, if a path is found in this step, then 

the formation can traverse to the goal without colliding with any obstacle. However, due 
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to the sn1oothing process, it does not exclude entirely the case of a certain follower robot 

in possible collision with obstacles. This will be taken into account in the planning and 

will be described in Section 5.5. 

In the case that a path for the formation can not be found using the modified A* search 

with planning step k being equal or greater than the fonnation width, we proceed the path 

planning process for the leader robot with planning step k taking the default value of 1. 

The vector approach is not only chosen here for checking the visibility between the node 

to be opened and the goal as the process involves a shorter searching time, can deal with 

the problen1 of the goal node not lying on " loose grid" [Warren, 1993], but also helps 

elin1inate the redundant way-points in the remainder of the path. This also helps reduce 

the post processing time to smooth the path, as will be detailed in Section 5 .2.3. 

To date, the proposed fran1ework seems to deal with only the case of known and static 

enviroru11ents where a grid map is required prior so that A* search algorithm can be 

used. However, it is recognized that normally in order to deploy a robotic formation, the 

enviromnent should not be too cluttered and that the robots can only reach the goal with 

a predefined configuration provided the environment around the goal is obstacle-free. 

These observations together with the advantage of a reduced tin1e for path searching and 

post processing with the n1odified A* search enable the online replanning requirement 

for robotic formations operating in dynamic enviromnents . 

5.3.2 Heuristic Cost 

The heuristic cost used in A* search algorithm makes it distinguished from Dijkstra's 

algorithn1. The heuristic function h(n) gives A* (as well as modified A*) an estimate 

of the 1ninimum cost from the node being opened (node n) to the goal node. It can be 

proved that if h(n) is lower than or equal to the real cost of moving fr01n node n to the 

goal node, then A* is guaranteed to find an optin1al path. In this work, the heuristic 

function at node n is calculated as follows 

h(n) = d(x,y) + c(n), (5.2) 
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in which d(x,y) is the distance from the node n to the goal and c(n) is the terrain cost 

of the node n. To guarantee a sufficient distance from the path to obstacles, those nodes 

within a set range of a known obstacle is assigned a higher terrain cost. Obviously, this 

parameter decreases with distance. While there are many distance heuristic functions 

( d(x,y) ) to use on a grid map, the Euclidean distance is used in this work, reflecting 

the fact that the leader robot can turn at angle to reach a certain point. As will be 

discussed in detail in the next section, how big the angle the leader can turn so that the 

formation shape can be still "maintained" depends on the angular and translational 

speeds the leader robot is operating. However, as smoothing technique will be utilised 

to further smooth the path found by modified A* search, it is assu1ned that the path 

found is always feasible. As argued above, the environment for deploying a robotic 

formation to perform a task that requires robots to be in a predefined configuration must 

not be too cluttered, the chance that a path contains a very sharp turn (the sharpest turn 

is ± 45 degree) should be very rare if there is any. Eliminating the penalty at turning in 

the heuristic function h( n) and g( n) also helps increase the speed of the search. 

5.3.3 Path Smoothing 

Kinen1atic model of mobile robots is described by equation and the non-holonomic 

constrains by equation (). In addition, the translational and angular velocities are limited 

by: 

I vi ~ vmax and lml ~ mmax . (5.3) 

This constrains on robot velocities in1ply that robots can only turn at any angle if they 

spin on their wheels. An ideal differentially driven robot can tum on the spot (spin on 

wheels), however, this does not imply that the formation can turn on the spot while 

1naintaining the geometric fonnation. 

To ease with the navigation and subject to the vehicles' kinematic and dynamic 

constraints, the paths resulted from the search process need to be smoothed out, using 

the technique proposed as follows. As the A* algorithm searches the eight nodes 

around the current one in a 2D map, and then proceeds to the next node, it produces a 

zigzag path. This zigzag path is costly and unacceptable for mobile robots especially 
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when n1oving in a fonnation. There are cases where the formation is required to reach a 

number of targets, but it is beyond the scope of this thesis. 

The " line of sight" principle is applied to smooth out the path obtained frotn the A* 

search. This is summarised in Algoritlun 1 below. 

Algorithm 1 

1. Choose the first path node as the start node and its successive node as the end 

node. Record the first path node as the new way-point. 

2. Check the visibility between the start node and the end node. 

3. If they are not visible to each other, record the immediate precedent of the end 

node as a new way-point, and choose this node as the start node with its 

successive as the end node. Go to step 2. 

4. If they are visible to each other, then 

4.1. If the end node is not the goal, choose the node successive to the end node 

as the new end node. Go to step 2. 

4.2. If the end node is the goal, record it and exit. 

The resulted way-points of the path after applying Algorithm 1 are shown in Figure 5.3 

in comparison with the modified A* search path. As noted in [Barfoot and Clark, 

2004], the square, rectangular, or even a wedge formation can only be maintained 

perfectly (including the position and orientation of the robots) in a straight line n1otion. 

When the formation turns, a concession must be made, i.e. , the formation is maintained 

in curvilinear coordinates rather than in the rectilinear coordinate system. Algorithm 1 

results in the path with smallest number of turns. As can be seen, the resulted path is 

smoother but still contains sharp corners. Technically, the robot can stop at those points 

and rotate on its wheels until it reaches the desired orientation and then moves on but 

this approach is time-consuming and energy-inefficient, especially for a formation, and 

as noted above, this turning on the spot does not maintain the formation even in 

curvi linear coordinates. Consequently, there is a need for further sn1oothing as 
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suggested in the proposed second algorithn1 where the turning radius 1s taken into 

consideration. This is explained in the following. 

Given a quadruple of the start point, the robot orientation at the start point, the end point 

and the required orientation at this point, there are 2 possible shorted paths for the start 

point to reach the end point with a fixed starting orientation and arbitrary ending 

orientation, and 4 possible shorted paths with fixed starting and ending orientations as 

illustrated in Figure 5.4. In Case 1, the path between any two successive way-points 

consists of an arc followed by a straight line. The robot orientation at the end point will 

be the orientation for the next way-point. In Case 2, the path between any two 

successive way-points consists of an arc, followed by a straight line, and then by an arc. 

If the translational velocity of the robots along the path is assumed to remain constant 

then the minimun1 turning radius is detern1ined by the maximum rotational velocity of 

the robot. 
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Figure 5.3. Smooth paths obtained from proposed Algorithms 
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Furthermore, if the orientation of the formation is required to be fixed only at the 

starting and goal positions while may be arbitrary at other way-points along the path, 

then Case 2 can be app lied only for finding the path between way-points (n -1)'h and 

n'" (the goal), where n is the way-point number for the path resulted from Algorithm 1. 

Case 1 is applied for the rest pairs of successive way-points. This is summarised in 

Algorithm 2 below. 

Algorithm 2 

1. Record the first way-point (start position), given a predetermined turning radius. 

For any pair of successive way-points between the first and the (n -1)'hway-

points, perform the following step 

1.1 Calculate the two possible shorted paths using Case 1. 

1.2 If no possible paths exist or the existing paths collide with an obstacle, 

reduce the turning radius. Go to Step 1.1. 

1.3 If there exists at least one possible path without obstacle collision, choose 

the shortest one (if there are two) . Record the necessary data and go to step 

1.1. 

2. For the path between the (n -1)'" and n'11 way-points, perform the sa1ne steps as 

1.1 to 1.3, except that calculate the four possible shorted paths using Case 2. 

Record the necessary data and exit. 

5.4 Formation Motion Control 

5.4.1 Reference Trajectory Generation 

After running the modified A* search and Algorithm 1 and 2, the necessary data are 

available. For example, with a path between two successive way-points consisting of an 

arc followed by a straight line, the necessary data for trajectory generation include the 

following data 
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(a) (b) 

(a) Case 1: Two options with fixed starting orientation and arbitrary ending orientation 

(b) Case 2: Four options with fixed starting and ending orientation 

Figure 5.4. Possible shortest paths considering turning radius 

• Length of the arc, 

• The centre of the corresponding circle, 

• The turning radius of the arc, 

• The starting position on the circle, 

• The length of the straight line, 

• The starting position, and the orientation of the straight line. 

Once these data are available, the robot position and orientation at a particular time, i.e. 

the reference trajectory (x, (t), y, (t), 8, (t)) can be calculated straightforward One 

alternation is to obtain the reference trajectory in the form of velocity 

profile(v,.,(t),w,(t)) or (v,_,.(t),K,(t)) where K,(t) is the curvature of the trajectory the 

robot following. As the smooth path obtained fron1 the proposed algorithm has been 

checked as collision-free, the resulting trajectory is safe for the reference robot (point) 

of the formation. It is noted that the path found so far is generally for a reference point 

in the fonnation which can be a physical leader robots or the centre point of the 

fonnation, one particular robot in the group, or any other point. 
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5.4.2 Velocity Profiles 

Based on the reference point chosen and the predefined geometric formation, each 

individual robot i'" in the group has predetermined offsets [pi' qi r in the curvilinear 

coordinates relative to the reference point Cas shown in Figure 5.5 . 

Ri 

c 

(a) 

c pi 

(b) 

Figure 5.5. Square formation in a stra ight line motion (a) and while moving (b) . 
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Once the [pi, qi f coordinates of robot i'h have been determined, then its translational 

velocity v,.i (t) and the curvature Kl (t) are obtained as proposed by [Barfoot and Clark, 

2004] as follow. 

For convenience, the velocity profile of the reference point C as a function of time, t, 

can be rewritten as a function of distance, d,. (t) : 

(5.4) 

I 

where d,. (t) = f v, ,,. ( r )dr. (5.5) 
0 

The distance travelled by robot i'" along the reference trajectory is 

si(t) = d,.(t) + p;(t), (5.6) 

where it is noted that [pi' qi r is function of time. The trajectory of robot (h IS 

c01nputed as the following 

v, .l (sl ) = SQv,,,. (s 1 ) 

OJ (s.) = v, . (s )K 
I I ,I I I 

where 

S = sgn(l- q1 K,. (sl )) 

Q= (~~J +(1-q,K,(sJ) ' 

d2 (d J S (q,K,(sJ) ds~' + K,(sJ d~: 
K =- K (s .) + _______ __::..._~ 

I Q f I Q2 

(5.7) 

(5.8) 

in which dql and d
2

~i are the first and second derivative of q with respect to S
1

, 

dsl ds~- I 

respectively . With this method, a square formation would look like Figure 5.5b while 
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dq, d 2q, 
turni ng. When the [pi, ql f' coordinates are constant, and equal zero, thus 

dsl ds,2 

equation (5 . 7) is si1nply as 

v, ,l (s,) = v,,~ (s, )(1 - q, K,. (s, )) 

(t)(s)-v (s) K,.(s,) 
1 1 - ,, 1 (1- q, Kr (s, )) 

(5 .9) 

From equation (5 .9), one n1ay notice that when 1- q, K,. (s,) = 0 , the translational and 

angular velocities of the i'h robot is: 

v,,~ = 0, Kl ~ oo, (!) =lim v, K · I ,I I 
(5 .1 0) 

K; -4 oo 

which irnplies that the i'11 robot has to spin on its wheels to maintain the formation. 

5.5 Obstacle Avoidan.ce 

As noted previously in Section 5.3 the collision-free trajectory for the leader robot does 

not always guarantee a safe forn1ation for other follower robots. Figure 5.6 illustrates 

typically a case, where those robots whose trajectories are likely to collide with obstacles 

need to change their trajectories. Here, only the trajectories of ~ and R5 are to be 

adjusted. However, in s01ne worse cases, i.e. the width of the path is too narrow to allow 

for more than one robot, the formation must be changed to a colmnn. Figure 5.7 shows 

an exa1nple of this scenario . 

As stated above, the trajectory for the leader is always safe, only trajectories of follower 

robots need to be checked for obstacle collision. While avoiding the static obstacles, the 

robots also need to avoid collision with dynamic ones, i.e . other robots of the formation, 

or cOining to the formation. When specific robots need to change their trajectories, the 

one with the highest priority is planned first. The trajectories for robots of lower priority 

are planned in accordance with of those of a higher priority. 
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(a) A wedge formation collision with obstacles 

(b) Formation adjusted to avoid obstacles 

Figure 5.6. An example of obstacle collision and avoidance 
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Figure 5. 7. An example of obstacle collision and avoidance where the formation 

must change to a column. 
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With the formation planning 1nethod presented in Section 5.4, if the formation is static, 

i.e., [p,, q,l' coordinates of each robot are constant, the individual robot trajectories will 

not collide provided that the forn1ation does not turn sharper than a threshold curvature. 

When the forn1ation needs to be changed from one shape to another shape or narrow its 

width to acc01nmodate the task, the [p;, q; Y coordinates of each robot will be planned 

as functions of time or distance. It is noted fr01n formulae (5.7) and (5.8) that, the shape 

or width of the fonnation can only be changed if the second derivative d
2 

q; exists, i.e. , 
ds,2 

offset q; n1ust be adequately s1nooth with respect to the corresponding trajectory during 

the transient from one configuration to another. 

In this work, when the forn1ation width needs to be narrower or larger by an amount 

6.q, = q, J - q,.o over an incre1nental distance 6.s; = siJ - s;.o, q; is chosen to take the 

fonn: 

q, ,o 

q, ( s,) ~ q, o + L\q, ( s, ~/' o )( 3 - 2 s, ~~· o J (5.11) 

qiJ 

where q,.o and q, ,, are the initial and final values of q;. 

With this trajectory of q;, the configuration of the fonnation will behave as follow 

• If Jq; .oJ > Jq; .r J, the width of the formation will be narrower 

• If Jq,.oJ < Jq,.rJ, the width of the formation will be narrower If qiJ = 0, the 

formation will become a column shape. 

It is also noted that, when the formation changes to a column, two points having a same 

p, coordinate with respect to the reference point will apparently becon1e the san1e point 

whose distance is p; from the reference point, which 1nay be problematic. To 

overcome this undesired case for the motion planing method used, the p; coordinates of 
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those robots need to be adjusted so that those robots will not collide with each other and 

the co lumn shape can be fo rmed. This is accomplished by decreasing or increasing the 

ve locity of each robot in appropriation while they still follow the san1e trajectory. 

5.6 Results 

5.6.1 Si mulation Results 

In this section, the proposed framework is illustrated in there examples where the 

formation of a wedge type needs to change its configuration to avoid obstacles. The 

reference point is chosen to coincide with robot R, and this robot is designated as the 

leader as the n1otions of the other two robots ( R2 and R3 ) are based on the trajectory of 

this leader with R2 has higher priority than R3 • 

Figure 5.8 shows that three robots traversing in a desired wedge have to form into a 

column when moving through a narrow corridor. The x(t) and y(t) trajectories of the 

three robots are shown respectively in Figure 5.9 and Figure 5.1 0. Typical snapshots of 

the formation are recorded over titne as shown in Figure 5.11. The results den1onstrate 

the capability of the three robots in n1oving fron1 an initial position to reach the goal 

while maintaining the formation shape (a wedge) and changing it accordingly to an 

environment using the proposed architecture. 

In the second scenario, as can be seen in Figure 5 .12, the formation just needs to narrow 

its width to go through a larger cotTidor. Again, Figure 5.13 and Figure 5.14 show 

respectively the ti1ne trajectories x(t) and y(t) for the three robots, while the formation 

snapshots over time are presented in Figure 5.15 . The results indicate the proposed 

framework can handle well situations when the formation shape does not need to be 

changed, but only needs to adjust the distance between the robots to meet the 

require1nent. 

Figure 5.16 to Figure 5.19 show the results for the third scenario where only robot R3 

need to change its trajectory to avoid obstacles whi le the other two robots maintain their 

planned ones. 
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Figure 5.8. Paths for three robots moving in a wedge, then a column and then 

back to a wedge. 
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F igure 5.9. Time trajectories x (t) for three robots in the first example. 
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Figure 5.10. Time trajectories y(t) for three robots in the first example. 
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Figure 5.12. Paths for three robots in a wedge when passing a corridor with R2 

and R3 adjusting their q, coordinate to pass through the narrow corridor 

45 

40 

35 

301 f 25 
(/) 

g_ 20 
.:X 

15 

10 

5 
/' 

" 
0 

0 

,-' 
// 

,/ 

10 20 30 40 
Time [s] 

50 60 

Rl 

70 80 

Figure 5.13. Time responses x(t) for three robots for the second scenario 
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Figure 5.14. Time responses y(t) for three robots for the second scenario 
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Figure 5.15. Formation snapshots over time in the second example 
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Figure 5.17. Time responses x(t) fo r three robots for the third scenario 
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Figure 5.18. Tilne responses y (t) for three robots for the third scenario 
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Figure 5.19. Formation snapshots over time in the third scenario 
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5.6.2 Experimental Testbed and Results 

The proposed fran1ework is tested with two AmigoBots. The structure of the 

experin1ent platform is as shown in Figure 5.20. The control inputs (the translational 

and rotational velocities) are transn1itted from PCs to each robot via the wireless 

connection. At the same titne, each robot will transn1it the information about x, y, e 
position, sonar readings back to PCs. As mentioned in Section 2.1 of Chapter 2, each 

AmigoBot is equipped with a ring of 8 sonars for rangefinding and shaft encoders for 

dead reckoning. 

The control algorithtn was programmed in C++ ustng ARIA (Advanced Robotics 

Interface for Applications) class. In this experin1ent, the two AmigoBots are followers 

while the virtual robot in ARIA acted as the leader which cannot be seen from the 

pictures. The path and trajectory (velocity profile) for the virtual leader was planned 

using the proposed framework. Based on the virtual leader trajectory, velocities for 

followers were planned accordingly. In this experiment, the two robots moved in a line 

forn1ation. In order to pass the narrovv passage between the two obstacles, the [pi, qi f 
coordinates of the two robot paths have to be changed as described in Section 5.5. 

Figure 5.2 1 shows the snapshot of the experiment. 

' 

~~--~-~ ~;·-~-~~-----~~--
Figure 5.20. Experiment testbed 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 5.21. Snapshots of two AmigoBots moving in a line formation 
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The two AmigoBots were initially positioned in a line formation (Figure 5.21 a). To 
T pass th rough the narrow passage, the [p;, q;] coordinates of the two robots had to be 

changed, starting as shown in Figure 5.21 c. After successfully passing through the 

narrow passage, their [p;' qi r coordinates were changed back to their initial values 

(Figure 5.21 g) . 

The experin1ent results show that the framework described in this chapter can be applied 

to plan and control the robotic formations. However, actual traj ectories of robots are 

not the satne as their planned ones as the positions of robots are based on the readings 

fr01n shaft encoders through dead reckoning which have accumulating errors. 

5. 7 Conclusion 

This chapter has presented a proposed generic fran1ework to plan and contro l of robotic 

formation moving in a static enviromnent. The framework con1bines path planning 

n1ethod, forn1ation motion planning to perform a formation task completely, starting 

with initializing the formation at the staring point, planing the path and n1otion for the 

formation to reach the goal , and changing the forn1ation to acc01nmodate the task. The 

contribution of this chapter includes (i) fast and feasible path finding, which is achieved 

by using the modified A* search and the vector approach coupled with the two 

proposed stnoothing algorithms, taking into account the kinematic and dynamic 

constraints of tnobi le robots, and (ii) the maintenance and changing of forn1ations, 

which is done in curvilinear coordinates to accomplish the required tasks while 

formation safety is concerned. 

The high speed of n1odified A* search makes it viable to apply the proposed framework 

for online replanning where necessary to accommodate with the slow change of 

environment as long as an efficient and quick technique to update the map of the 

workspace is provided. Two proposed smoothing algorithn1s are implemented to meet 

the kinen1atic and dynamic constraints of 1nobile robots. When considering the cost of 

n1ovmg in formatio n, the smoothing procedures obviously reduce the overall cost 

greatly. 
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With the n1otion planning method used, it guarantees the maintenance of the formation 

shape in a curvature coordinates when the formation turns. Also, with this method, the 

formation shape can be made dynan1ic, i.e., changing the formation configuration or 

changing trajectories for robots who will collide with obstacles if they maintain the 

formation . All a follower robot needs to know is the reference translational and angular 

velocities and it coordinates relative to the reference point. 

Sitnulation for a three-robot wedge formation has been performed for different 

scenarios to show the validity of the proposed framework. Experiment has been carried 

on two AtnigoBots to move in a line formation where they had to change their 

trajectories to accommodate a narrow passage. 

The sn1oothing techniques proposed do not guarantee an optitnal path in terms of terrain 

cost. The problen1 of how to optimally plan the formation motion will be discussed in 

Chapter 6. 
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Chapter 6 

Optimal Motion Planning for Robotic 

Formations 

6.1 Introduction 

When moving in formations, mobile robots in the group need to maintain the desired 

pattern as much as possible. In other words, the formation positional and orientational 

error should be kept as small as possible. As noted in [Barfoot and Clark, 2004 ], a 

square, rectangular, or even a wedge formation can only be maintained perfectly 

(including the position and orientation of the robots) in straight line motion. When the 

formation turns, a concession must be made to accommodate the dynamic requirements 

for safe turning. 

The algoritlun proposed in [Bar foot and Clark, 2004] is able to maintain the formation 

in the curvilinear coordinates during turning provided that the curvature of the trajectory 

found does not exceed its bound imposed by the velocity constraints of each mobile 

robot. Otherwise the formation cannot be maintained and there is no guarantee of inter-

robot collision avoidance. Also, this algorithm assumes that the robots have been 

successfully initialised into the desired formation and that there is no tracking error or 
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robot failure to implement its trajectory. Since the shape may be no longer maintained 

due to robot failure or their velocities going beyond velocity constraints, some effective 

measures have to be taken for robotic formation planning. In [Lewis and Tan, 1997], a 

bidirectional flow-control scheme was proposed to keep the formation in a virtual 

structure where no leader is required. This algorithm is capable of achieving high 

precision movement and is fault tolerant. However, obstacle or inter-robot collision 

avoidance strategies are not mentioned therein. The I -I and I - cp controllers 

proposed by [Desai, et al., 2001] or the modified I -I controller by [J ongusuk and 

Mita, 2001] are able to fonn and maintain formations of multiple mobile robots where 

the later considered the inter-robot collision avoidance. The limitation of these 

controllers as pointed out in [Nguyen et al., 2007] is singularity cases involving line 

formations. 

In this chapter, in an effort to optimal motion planing for robotic formation, Particle 

Swarm Optimization is exploited. In the first part, the path for the fotmation is planned 

such that the percentage of time the robots successfully maintain their formation is 

maximised. A potential field function is used to construct the terrain cost of the map 

which is then used as a means to detect collision between the robots and obstacles. 

Here, formation trajectories are to be adjusted by using a multi-objective Particle 

Swarm Optimization (MPSO) algorithm to maxin1ize the percentage of tin1e in 

fonnation. As an evolutionary computation based technology, the PSO has the 

advantage of providing a near-optimal solution without the need of a precise system 

model. The control commands for the robots are treated as particles in a swarm and a 

sequence of controls is derived from minimisation of a fitness function, representing the 

errors in position and orientation of robots in the group with respect to their desired 

values in the formation. With regard to inter-robot collision avoidances, behaviour-

based control strategies are incorporated into the motion planning framework. This 

proposed algorithm can be used to initialise the formation and also to deploy the 

formation navigation to its target. In the proposed motion planning algorithm the 

kinematic and velocity constraints of robots in the group are also taken into account. 

The rest of the chapter is organised as follows. Section 6.2 describes how way-points 

are repositioned using Multi-objective Particle Swarm Optimization. PSO-based 
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motion planning for robotic formation is presented in Section 6.3 and simulation results 

are shown in Section 6.4. Comparison of the proposed PSO formation motion planning 

method with the one by [Barfoot and Clark, 2004] is presented in Section 6.5. Section 

6.6 concludes the chapter. 

6.2 Path Smoothing 

6.2.1 Formation Navigation Evaluating Metrics 

To evaluate performance of formation control strategies one may use different metrics 

that are available in the literature [Schneider et al., 2006]. The common ones are: 

position error, percentage of time in formation and path length ratio[Balch and Arkin, 

1998; Naffin and Sukhatme, 2004]. 

Position error 

Let consider N robots attempt to construct a given formation. Let zi = (xi'y;)r be the 

positional vector of the (h robot and zdi = (xdi'ydJr be the its desired position, where 

i = 1, 2, ... , N . The fotmation error is defined as 

1 N . 
E =- 2:D(zi,zd, ) 

N i=l 
(6.1) 

where D(zi' zd;) is the Euclidean distance between the two positions zi and zd,. A 

given group of robots is said to be "in formation" if E < & for a user-·specified tolerance 

& [Schneider et al., 2006]. 

Percentage of time in formation 

The percentage of time in formation is defined as 

t F=-'-·n 
{Iota/ 

(6.2) 

where t. is the time the robot's position and orientation coincide with its desired ones 
111 

in the formation and !,0101 the total time elapsed since the fom1ation is initialised. 
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To determine if robots are in formation or not, the following criteria are proposed by 

[Lemay et a!., 2004]. Given the positions of N mobile robots, inter-robot distances 

di ,desired , a desired angle a and a connected geometric shape G defined by a finite set of 

line segments and angles between them, the robots are considered to be in formation G 

if there following conditions are met: 

1) Inter-robot distance: neighbouring robots must maintain the desired distance 

dist(Ri, R), with a maximal tolerance Ed 1 

2) Follower robot angle: the angles of follower robots with respect to their 

leader a(Ri,R,) must be maintained, with a maximal tolerance Ea 

3) Shape: The robots are at the assigned position depending on the desired 

formation shape with a maximal tolerance E d 2 around this desired position 

Those three criteria allow measuring the global position error. Criteria 1 and 2 define 

tolerances for distance and angle measurements in order to take into account control 

imprecision at the robot tracking control lever. Criterion 3 states that it should be 

possible to adjust desired distances and angles over the predetermined position so that 

all robots form the desired shape. Even when each robot respects either criterion 1 or 

criterion 2, the desired shape can be considered as maintained when the robots move 

away within a radius of E d 2 from its desired position. 

Path length ratio: Path length ratio is the average distance traversed by all robots 

divided by the straight-line distance of the course. This metric is often evaluated in the 

path planning stage where the optimal (often in term of the shortest path) is searched 

for. 

In this work, different metrics are used at different stages. The path length ratio metric 

has been used in the modified A* search to find a path for the reference robot (or just a 

reference point). The two path smoothing algorithms in Chapter 5 help further increase 

the path length ratio by reducing the number of turns. In the retnaining of this section, a 

terrain cost of each cell of the map constructed by using the potential field functions is 

used to adjust the reference path such that the percentage of time in formation is 
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maximised. Figure 6.1 shows cases where the path of the reference robot ( R1 ) needs to 

be adjusted to keep the robots in formation. 

6.2.2 Terrain Cost 

The terrain cost of the environment is constructed by adopting the simple potential field 

function [Hwang and Ahuja, 1992]. Let 

g;(x)~O,gi EL,xER", i=1,···,m (6.3) 

be the set of inequalities describing a convex region (obstacles), where L denotes the 

set of linear functions in Rm . The scalar function 

f(x) = f(g;(x)+lg;(x)l) (6.4) 
i = ] 

is zero inside the region~ bounded by m segments and grows linearly as the distance 

from the region increases. A potential function fp is defined as 

(6.5) 

where 8 is a small positive constant. The function f p(x) is maximal vvith the value of 

8 -1 inside the region and strictly decreases as the inverse of the distance outside the 

region. Figure 6.2 shows the potential function of a 2-D rectangular obstacle. When 

multiple obstacles are present, the potential value of any point is chosen as the 

maximum potential amongst the obstacles. The reason of choosing the maximum 

potential value instead of summing all potential together is noted in [Newman and 

Hogan, 1987]. If one uses the sum as the combined potential, small local maxima of the 

potential may appear in free space away from the obstacles. 

The potential value at any point is the terrain cost used as an objective for optimisation 

to adjust the path for the leader robot. The algorithm will be described in Section 6.2.3. 
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6.2.3 Formation Path Adjusting 

As mentioned above, the evaluating metric for formation motion planning is to keep the 

percentage of time in formation maximal. One may question why such algorithm is 

necessary while the path found by modified A* search with the search step equal to the 

formation width, if exists, will guarantee the group of robots to move from the initial 

position to the target without colliding the obstacles. This is not always the case. When 

a path is found with the search step equal to the formation width, the formation is not 

guaranteed to collide with no obstacle but it is likely that the robots can stay in 

formation longer than the case with search step equal to 1. All Figure 5.6, Figure 5.11, 

and Figure 5.16 in Chapter 5 show this case. Although the paths found in these cases by 

modified A* search with the search step equal to the formation width, some of the 

robots still have to adjust their trajectories to accommodate the narrow corridor. The 

smoothing Algorithm 1 in Chapter 5 gives a smoother path for the reference robot but 

1nay cause the formation to split while it is able keep the formation if the original path is 

followed though it is very zigzag. The algorithm proposed in this section is to 

n1aximized the percentage of time in formation by adjusting the path of the reference 

robot. This algoritmn is performed after the modified A* search and the path smoothing 

algorithn1 1 (Chapter 5) have been utilised and works as follows. 

1. A virtual formation starts at the forn1ation initial position which is fixed. 

The virtual formation will move along the smooth path produced by the 

modified A* search and the path smoothing Algorithm 1. Path segments 

where any robot collides with obstacles are marked, as shown in Figure 6.3 , 

the thicker segment connecting W~ and WP2 • If there exists no such path 

segment, then the planned path is safe for the formation, i.e., robots always 

stay in formation by following this planned path. If there exists such path 

segment, then proceed to step 2. 

2. For every of such path segments, use the MPSO Algorithm to adjust the 

positions of w~ and w~ to maximize the percentage of time in formation. 

The MPSO Algoritmn to adjust the positions of W~ and W~ will be described in the 

next section. 
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R2 @ 
R1 , ~ 

R3 @ 

(a) R2 has to break the formation to pass through the corridor 

R2 

R1 @ 
R3 ~ 

@ 

(b) the robots stay in formation by adjusting the path of the leader formation (R1) 

Figure 6.1. Adjusting the path of the leader (R1) keeps the robots in formation. 
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Figure 6.2. The potential due to a 2-D rectangular obstacle 

6.2.4 Formation Path Adjusting Using MPSO 

The main objective of this algorithm (FPA-Formation Path Adjusting) is to maxilnize 

the percentage of time in formation by adjusting the planned path for the reference 

robot. However, as can be seen from Figure 6.4, positions W~ and W~ may be 

adjusted to various positions to keep the robots in formation at all times. The dashed 

and dotted paths both allow robots to pass through to the goal point without changing 

their trajectories, thus both n1eet the requirement to maximize the percentage of time in 

fotmation. The dashed one is found with two objectives which are maximizing the 

percentage of time in formation (the primary objective) and minimum terrain cost 

(secondary objective) in term of furthest distance from the robots to obstacles while the 

secondary objective for the dotted path is the minimum distance traversed by the 

formation. 

PSO has similar characteristics as evolutionary algorithms (EAs ), thus using MPSO to 

solve multi-objective problems seems to be a natural choice, given the promising results 

reported in the literature comparing PSO to EA techniques in the uni-objective domain 

[Fieldsend, 2004]. In this work, one of the MOPSO algorithms proposed by 

[Parsopoulos and Vrahatis, 2002], the Vector Evaluated Particle Swarm Optimiser 
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(VEPSO), is adopted to search for the positions of new way-points ( W~ and WP2 ). In 

VEPSO, the best particle of the second swarm is the first swarm global best and is used 

to update the velocities of the first swarm, and vice-versa. 
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Figure 6.3. Example of the need to replan the leader path. 
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Each particle position and velocity of each swarm is encoded as follows. 

Particle position: 

(6.6) 

where Pi,! and Pi.z are points in the 2D workspace and the adjusted positions of W~ 

and W~. 

Particle velocity: 

(6.7) 

The pseudo code of the algorithm is as follows 

1. Initialise two particle swarms randomly around W~ and W~. Each 

particle local best position pBest is itself. Find the global best positions 

( gBest1 and gBest2 ) for each swarm. 

2. Update particle velocity for the each particle of each swarm using gBest 

of the other swarm according to equation (3 .3) 

3. Update particle position of each particle of each swarm using its updated 

velocity in step 2 according to equation (3 .2). Check the bound of each 

particle position to make sure it is within the workspace. 

4. Update particle local best position for each particle and find the global 

best positions for each swarm. 

5. Go to step 2 until the user-defined criteria are met. 

The objective function for the first swarm is always chosen as the percentage of time in 

formation which is the primary aim of the algorithm. The second objective function can 

be chosen as the distance from the formation to obstacles or shortest path for the 

fonnation. Simulation results will be presented at the end of this chapter. 
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6.3 PSO Motion Planning For Robotic Formation 

In chapter 5, motion planning for follower robot is adopted from [Barfoot and Clark, 

2004] so that robots can stay in formation in curvature coordinates rather than in 

collinear ones when turning. This method can be presumably performed online if the 

reference point of the formation is chosen as the furthest forward point in the formation 

in the direction of travel. As pointed out in Chapter 5, not every calculated trajectory 

[v,,;(sJ, m;(s,)] of robot i will meet the velocity constraints lv,,;l ~ vi,max and lm;l ~ mi,max, 

and in that case, this part of the formation can not be maintained and inter-robot 

collision is likely to occur. Once the formation is broken, it will not be formed and 

maintained as explained in Section 2.3. 

In this section, a PSO motion planning method is proposed. The state transition 

equation of the robot of the form q = f(q, v) is described in Chapter 2 which also 

expresses the non-holonomic constraints. The sequence of input vector v E V for each 

robot is searched by the PSO algorithm. Vis a two dimensional vector of inputs 

(translational v1,; and angular velocities mi) which is bounded by the velocity 

constraints lv;l ~ vi,max and lm,l ~ mi,max . Applying the computer modelling presented in 

Chapter 2 over a fixed time interval !1T, the next robot configuration, q,(!W can be 

determined for a given initial configuration q and velocities v E V . The algorithm is 

detailed as below. 

6.3.1 Formation Coordination Control 

Let the motion of the robots under the formation coordination control be described by 

the computer motion model (2 .15-2.16) using Euler integration, 

(6.8) 

or in detail 
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(6.9) 

where qi ( k + 1) is the state of the i1
h vehicle at time k + 1 consisting of its xy -coordinate 

and orientation e with respect to the x -axis, vi ( k) is the control containing the 

translational velocity vi/k), angular velocity OJi(k) and 11T is the sampling time. 

The goal of formation coordination is to derive a sequence of controls for each robot, 

I.e. , 

(6.10) 

such that the trajectories 

(6.11) 

followed by the robots are attracted to the desired ones of a formation determined by a 

high-level path planner. 

These controls can be obtained by applying control theoretic approaches [Barfoot and 

Clark, 2004; Desai, J. P., 2001; Fierro et a/. , 2001 ; Jongusuk and Mita, 2001] , 

behaviour-based schemes [Balch and Arkin, 1998], or A *-based architecture [Ngo et 

a!. , 2005]. However, the need to avoid inter-vehicle collisions and obstacles may 

increase the system complexity, computational load and give rise to numerical 

instabilities. Therefore, an evolutionary co1nputation technique, the particle swarm 

optimization algorithm is adopted for its simplicity and flexibility. 

6.3.2 Proposed approach 

A. Particle Structure 

Let there be N vehicles to be coordinated, hence, there are N sequences of control 

con1mands to be determined by the PSO. A high-level path planner is available to 

design the path for the formation using the frame-work proposed in Chapter 5 and the 
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Formation Path Adjusting Algorithm in Section 6.2. Each robot is assumed to know its 

current location. This gives a set of formation locations or virtual robots as 

(6.12) 

The control commands are represented by a set of control particles. Note that there are 

N vehicles each also contains a set of m location particles describing the possible 

locations of vehicles. Hence, the robot translational and angular speed commands are 

encoded as particle positions as follows 

vP(k) = {v,P(k),a/(k)}r, i = 1,···,N, p = 1,···,m, 
I •' I 

(6.13) 

where p is the particle index and i is the index for a robot in the formation. The 

particles in their solution space are allowed to move with arbitrary velocities. The 

initial particle velocities may be all set to zero or random numbers. At each iteration, 

the particle velocities and positions are updated as the procedure in Section 3.1. 

At each time step, the control particles are used to issue reference comn1ands to the 

robots in the group according to the motion model (equ. 6.9) 

B. Particle Fitness 

The PSO algorithm relies on the determination of relative fitness values amongst the 

particles where the group-best and personal-best particles are obtained. The fitness 

function is an aggregation of the robot-formation distance and the robot-formation 

angular separation. The robot-formation distance is as follow 

(6.14) 

while the angular separation is given by 

(6.15) 

Here, each angle is referred to the angular separation between the orientation of robot if 

a control particle is applied and the formation orientation. The fitness value for each 

particle is given as 
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where al' a 2 are non-negative weights and a 1 + a 2 = 1. The specific values of 

a 1, a 2 depend on the importance of the accuracy in formation orientation and x- y 

position with respect to each other in each application. 

C. Control Bounds 

Since the PSO is a heuristic search method, the translational and angular speeds 

commands derived may not meet the velocity constraints of the robots. Therefore, the 

control signals should be bounded or clamped. Taking this into account, the value of 

the control particles are assigned as 

v:,i(k) (---- v/ ,max if vr(k) > v/,max 

v:,l (k) ~ 0 if v:,i (k) < 0 
(6.18) 

Which means the robot is not allowed to travel backward in normal formation for 

stnooth motions. Similarly, the steering cornmand is bounded jn magnitude as 

(!)P (k) ~ (!) Tij (!)P (k) > (!) 
1 max 1 max (6.19) 

wP (k) ~ - w zif wp (k) < -w 
1 max 1 max 

D. Inter-robot Collision Avoidance 

As the proposed PSO-based motion planning does not consider any potential collisions 

between robots, such collisions may occur. Therefore, a collision avoidance strategy 

has been developed to mitigate this drawback. 

For each robot i at time k, the distances between it and other robots are calculated as 

(6.20) 

which is a two-dimensional array. Similarly, the angular differences between robot i 

and other ro hots are computed as 

(6.21) 
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For each robot i, the next step is find the distance to their associated virtual formation 

position 

(6.22) 

Potential collisions are then checked by using the condition defined as 

(6.23) 

where L is the diameter of the robot, 1\ is the logical operator and. The scalars 

2.5, 0.05, and n I 3 determining the relative importance of the inter-vehicle separations 

in distance and orientation, are experimentally obtained. 

A potential collision is then declared between vehicles i and j when they are close to 

each other and one of the robots is in front of and blocks the other. This condition has 

taken into account for a dynamic threshold depending on the degree of formation 

establishment where the risk of collision diminishes when the robots are in the 

formation, i.e., f;.i ~ 0. 

For the colliding robots, their reactive movements are frozen temporarily for a time 

step. Their locations become 

q/k + 1) = qi(k ), 

qj(k + 1) = qj(k ). 

E. Dead-lock release 

(6.24) 

The inter-vehicle collision avoidance strategy adopted may g1ve nse to dead-lock 

conditions, especially when the robots are moving towards each other (both in front and 

block the other). A release of the dead-lock condition is proposed as follows . 

During the collision avoidance stage, a list of colliding robot index pmnng 1s 

maintained. For example, let robots 1 and 3 are temporarily frozen, the list will read as 

(6.25) 
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which signifies that robot 1 blocks robot 3 and the reverse also holds, thus, producing a 

dead-lock. If the number of paired entries in the list is more than one, the list is searched 

for duplicated robot indices. Following the above example and applying the proposed 

strategy, robot 1 will be driven backward using a random speed and a random steering 

angle. Furthermore, the corresponding entry in the dead-lock list is removed. The 

procedure then repeats for other dead-locked robot pairings such that multiple dead-

locks are subsequently removed. 

6.4 Simulation Results 

This section will illustrate the use of the two proposed algorithms in various cases. In 

Section 6.4.1 the PSO motion planing algorithm is applied for a group of robots to form 

various formation shapes. In Section 6.4.2, both way-point repositioning and PSO 

n1otion planing algorithms are used to demonstrate their validity through different 

scenarios in the presence of obstacles. It is noted that one of the robot is chosen as a 

reference robot whose path is planned by the planner, and other robots in the formation 

are considered here as followers though they are strictly not followers as in the leader-

follower scherne. 

6.4.1 No Obstacles 

Example 1: We first consider an example of 3 robots moving in a wedge formation in 

an obstacle-free envirorunent. The reference robot denoted R, is given a desired path as 

shown in Figure 6.5. The distance between the reference robot and followers is 10 

meters Figure 6.6 shows the distance errors between the actual positions of followers 

and theirs desired positions and angular differences with 20 particles generated for each 

robot and 20 iterations for each time step while Figure 6. 7 and Figure 6.8 show the case 

with 50 and 70 particles and 50 and 70 iterations, respectively. 

The trajectory of the reference robot in this first example is planned as: 



6. Optimal Motion Planning for Robotic Formations 

v, = 0. 7 5 m Is, OJ = 0 rad Is, if 0 < t < 1 0 s 

v, = 0.15 ml s,OJ = -0.01 rad Is, if 10 s < t <50s 

v, = 0. 7 5 m I s, OJ = 0 rad Is, if 50 s < t < 11 0 s 

v, = 0.3 ml s,OJ = 0.01 rad Is, if 110s < t < 250 s 

11 6 

(6.26) 

From those three cases with different number of particles and iterations at each time 

step, one can conclude that the increasing computing time due to the bigger number of 

particles and iterations does not necessarily guarantee a smaller distance and angular 

errors. In fact, 20 particles for each robot and 20 iterations for each time step may be 

suitable to give a reasonable result. The big peak distance errors are due to the 

unsmooth moving of the reference robot, hence the desired positions for follower robots 

are in the unreachable regions in the next step due to kinematic and velocity constraints 

of the robots 
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Figure 6.5. Trajectories for 3 robots moving in a wedge formation 
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Figure 6.6. Distance errors and angular errors between follower robots and their 

desired positions with 20 particles and 20 iterations for each robot at each time 

step 
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Figure 6. 7. Distance errors and angular errors between follower robots and their 

desired positions with 50 particles and 50 iterations for each robot at each time . 

step 
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Figure 6.8. Distance errors and angular errors between follower robots and their 

desired positions with 70 particles and 70 iterations for each robot at each time 

step 
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Figure 6.9 shows the trajectories for the formation with the same planned path for the 

reference robot whereby the formation motion planning is done by the method proposed 

in [Barfoot and Clark, 2004]. The distance and angular errors in rectilinear coordinates 

for this scenario are shown in Figure 6.1 0. As can be seen from the distance and 

angular errors, our proposed formation motion planning gives much smaller errors in 

distance though the angular errors are not much different between those two methods. 

Our proposed method yields a very small formation error (in term of distance and 

angular errors) if the path for the formation is smooth as can be seen in Example 2 

Example 2. In this case, the path planned for the leader is smoother when turning. 

Figure 6.11 and 6.12 show the trajectories and errors, respectively. Figure 6.13 shows 

the errors using the method in [Barfoot and Clark, 2004] for comparison. 

Example 3: In this example, the case of 5 robots initialising a wedge formation in an 

obstacle-free workspace is presented. The trajectories for each robot is found by the 

proposed PSO motion planning algorithm and the inter-collision avoidance strategy. 

Figure 6.14 shows the trail of robots trajectories. 
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Figure 6.9. Trajectories for 3 robots moving in a wedge formation using formation 

motion planning method proposed by [Barfoot and Clark, 2004] 
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Figure 6.1 0. Distance errors and angular errors between follower robots and their 

desired positions using formation motion planning method proposed by [Barfoot 

and Clark, 2004] 
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Figure 6.11. Trajectories for 3 robots moving in a wedge formation with smooth 

path for the leader robot 
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Figure 6.12. Distance errors and angular errors between follower robots and their 

desired positions with 20 particles and 20 iterations for each robot at each time 

step in example 2 
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Figure 6.13. Distance errors and angular errors between follower robots and their 

desired positions using formation motion planning method proposed by [Barfoot 

and Clark, 2004] for the second example 
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Figure 6.14. Trajectories for 5 robots initializing and moving in a wedge formation 

6.4.2 With Obstacles 

In this section, we present examples for the case of 3 robots moving to their goal 

position amongst an environment in the presence of stationary obstacles. An obstacle 

free optimal path is found for the reference robot by modified A* search with its path 

length as its cost function. The proposed algorithm in Section 6.2 is applied to find a 

path for each robot in the formation and the proposed randomized motion planning 

algorithm is applied to navigate the formation to its goal point. In the Example 5, we 

illustrate how the path for the reference robot is adjusted to keep all robots in formation 

at all times whereas Example 6 shows the case when some robots have to break the 

formation to accommodate with the obstacles. 

Example 4: In this example, 3 mobile robots moves in a wedge formation in an 

environment with obstacles. The path planned for the reference robot using modified 

A* search and smoothing techniques in Chapter 5 is sufficient enough for the formation 

to navigate to the goal without having to change the planned path. The trajectories for 

follower robots are found by the proposed PSO motion planning method. Figure 6.15 

shows the path of the formation. 
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Figure 6.15. Trajectories for 3 robots moving in a wedge formation in an 

environment with obstacles 
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Example 5: This example shows the case where the planned path for the leader robot 

needs to be adjusted to maximise the percentage of time in formation. The workspace 

and the path planned for the leader robot using the modified A* search and smoothing 

techniques in Chapter 4 are depicted in Figure 6.3 . There are 3 robots moving in a 

wedge formation. 

In this scenario, the first objective function is chosen as the percentage of time in 

formation (the segment W~ - W~ is as short as possible), and the second one is chosen 

as the total potential value of the leader robot along this segment of the path. Figure 

6.16 shows the adjusted path (the upper path), and Figure 6.17 shows the trajectories of 

the formation. Figure 6.18 shows the distance and angular errors between the desired 

and actual positions of the follower robots 

As can be seen in Figure 6.3, the planned path for the leader robot will result the 

collision between follower robots and obstacles. By adjusting W~ and W~, the robots 

can reach the goal while still maintaining the formation. 
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Figure 6.16. The adjusted path using way-point repositioning algorithm 
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Figure 6.17. Trajectories for 3 robots moving in a wedge formation avoiding 

obstacles 
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Example 6: In this example, a scenano where the robots can not always stay in 

formation is presented. The workspace is similar to that of Example 5 except that one 

of the obstacles (the top one) is bigger, thus the passage between the two obstacles is 

sn1aller. Using modified A* search and smooth algorithms in Chapter 5, a similar path 

is resulted as in Example 5 which is shown in Figure 6.19 (the solid path). The thicker 

segment on the solid path is where collision between obstacles and follower robots will 

occur if the reference robot follows its planned path and the followers robots stay in 

formation. The proposed formation path adjusting algorithm is applied and the path for 

the leader robot is found as the dashed one in Figure 6.19 where the thicker segment on 

it marks the region where potential collision between follower robots and obstacles 

occurs, thus a change in the formation shape should be made for this segment. 

The follower robots will follow the reference robot path when a collision between 

follower robots and obstacles is likely to happen. It is noted that even the follower 

robots follow the reference robot path with a certain distance, the resulting 

configuration is not a line formation as robots may not be on a straight line. Figure 6.20 

shows the trajectories of the formation. 
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Figure 6.19. The adjusted path using way-point repositioning algorithm 
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Figure 6.20. Trajectories for 3 robots in Example 6. 

6.5 Discussion 

130 

In this section, the ability of the proposed PSO n1otion planning to keep robots in 

fom1ation contrast to the method proposed by [Barfoot and Clark, 2004] is shown. The 

robots used in these two methods have the same non-holonotnic constraints and velocity 

constraints. The robots are to move in a wedge formation with distance separation 

between robots is 3m . The reference robot starts at location (x0 ,y0 ,80 ) = (0, 0, 0) . The 

path for the reference robot is planned as follows. 

lv, = 1 m I s, m = 0 rad I s, if 0 < t < 1 0 s 
v, = 2 ml s,m = 0.5 rad Is, if 10 s < t < 20 s 
v, =1m I s,m = 0 rad Is, if 20 s < t <40 s 

Case 1: Let the velocity constraints be 

(6.27) 

(6.28) 

Figure 6.21 shows the trajectories of the formation using our PSO motion planning 

method. The distance and angular errors of follower robots are shown in Figure 6.22. 

Figure 6.23 shows the trajectories of the fom1ation using the method proposed by 
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[Barfoot and Clark, 2004] where distance and angular errors of follower robots are 

shown in Figure 6.24. Figure 6.25 shows the velocities of follower robots. 

The results show that the proposed PSO formation motion planning method outperforms 

the method proposed by [Barfoot and Clark, 2004] in terms of distance errors of robots 

in the formation when the formation turns as can be compared in Figures 6.22 and 6.24. 

When turning, our proposed method yields significantly smaller distance errors, though 

the angular errors are slightly larger. How far the formation deviates from its desired 

position depends only on how sharply it turns as can be seen in Example 1 and 2 

(Figures 6.1 0 and 6.13). In our method, the deviation depends not only on the 

formation turning angle but also on the velocity constraints of robots. Figure 6.26 

shows the distance and angular errors produced by using our motion planning method 

with smaller velocity constraints as will be discussed in Case 2. To reduce these errors 

if one uses the method by [Barfoot and Clark, 2004], one has to plan the path for the 

reference robot smoother which in turn depends on the workplace and is not always 

possible. Meanwhile, those errors in our method can be reduced by either producing a 

smoother reference path (Figures 6.6 and 6.12) or slowing down the reference robot 

when turning, or in other words, the velocities of the reference robot should be much 

smaller than the their litnits (Figures 6.22 and 6.26). 
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Figure 6.21. Trajectories for 3 robots turning in a wedge formation using PSO 

motion planning method with velocity constraints (6.28) 
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Figure 6.22. Distance and angular errors of follower robots using PSO motion 

planning method with velocity constraints (6.28). 
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Figure 6.23. Trajectories for 3 robots in turning in a wedge formation using 

motion planning method proposed by [Barfoot and Clark, 2004] with velocity 

constraints (6.28) 
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Figure 6.24. Velocities of follower robots using motion planning method proposed 

by [Barfoot and Clark, 2004] with velocity constraints (6.28) 
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Figure 6.25. Distance and angular errors of follower robots using motion planning 

method proposed by [Barfoot and Clark, 2004] with velocity constraints (6.28). 
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Case 2: Let the velocity constraints be 

lv,l :s;2.0ml s and lwl:::; lrad Is (6.29) 

With this velocity constraints, the PSO formation motion planning method can maintain 

the formation almost perfectly before and after turning as shown in Figure 6.27 with its 

distance and angular errors shown in Figure 6.26. Since the planned velocities for 

follower robots using Barfoot and Clark's method exceed theirs limits (6.29) as shown 

in Figure 6.24 when the formation turns ( v, >2m Is), hence they can not be 

implemented. Figure 6.28 shows the resulting formation when the velocity constraints 

are imposed on the follower robots. As can be seen, the formation can not be 

maintained when it starts to tum and the robots collide with each others. 
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Figure 6.26. Distance and angular errors of follower robots using PSO motion 

planning method with velocity constraint (6.29). 
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Figure 6.27. Trajectories for 3 robots turning in a wedge formation using PSO 

motion planning method with velocity constraints (6.29) 
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Figure 6.28. Trajectories for 3 robots turning in a wedge. using motion planning 

method proposed by [Barfoot and Clark, 2004] with velocity constraints (6.29) 
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6.6 Conclusion 

In this chapter, an optimal method for formation motion planning using Particle Swarm 

Optimisation has been presented. 

The formation path adjusting algorithm enhances the percentage of time in formation 

for a group of mobile robots moving in an environment with obstacles whose reference 

robot path is planned by modified A* search and smooth algorithms. In some cases, 

applying this algorithm may yield a solution where robots can always stay in formation 

if such a solution exists. In other cases where the passage between obstacles is not wide 

enough for the formation passing through without having to be split, this algorithm 

increases the percentage of time in formation. This argument is practically hard to be 

proven using a rigorous analysis. But the rationale for it is that if the two points W~ 

and WP2 are chosen as one of the initial particle position of the swam1 and if this path 

happens to yield the highest percentage of tilne in fon11ation, then the proposed 

algorithm will yield these two points as the result owing to the nature of the PSO 

algorithm (i.e., all particles will converge to the best position of the swarm which is 

(W~, WPJ as it is always give the best fitness value, or in other words, it is always 

chosen as the best particle of the swarm). As obstacles are assutned convex, the 

algorithm may fail or produce a more zig-zag path if the obstacles in the workspace are 

non-convex. This is a limitation of the proposed algorithm and left for future research. 

The proposed PSO formation motion planning method has the capacity of improving 

formation tracking performance by reducing formation errors. In comparison with the 

method proposed by [Barfoot and Clark, 2004], our proposed algorithm is able to keep 

the robot in formation while still meets the kinematic and velocity constraints. One 

drawback of this method is that the computation is more extensive when the number of 

robots in the formation increase, thus limits its application online. 
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Chapter 7 

Conclusions 

This chapter sumn1arises the work of this thesis and proposes s01ne future work. It is 

organised as follows. Section 7.1 sum1narises the contents of each chapter. The 

contributions of the thesis are reviewed in Section 7.2 and some future research issues 

are suggested in Section 7.3. 

7.1 Cltapter St1mmary 

Chapter 1 introduces the issues raised in multi robot systen1 research in general and 

robotic formation in particular. The motivation here is the need for cooperative control 

of a group of n1obile robots moving in desired shapes to perform a robotic task that 

single robot cannot acco1nplish in isolation. Chapter 1 also outlines the problem 

staten1ent and thesis scope. An overview of the work covered in this thesis is also 

presented. 

A short introduction on commonly used wheeled mobile robots and their different 

n1athematical models is presented in Chapter 2. Literature survey of multi robot motion 

planning and control structure is reviewed. Extensive review on formation motion 

planning techniques which are relevant to the thesis scope are also included 
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Chapter 3 introduces the Particle Swarn1 Optimisation (PSO) Algorithm which will be 

utilised throughout the thesis to tackle the optimal issues. PSO modifications, its binary 

and discrete versions as well as tnulti objective PSO are also reviewed. The application 

of PSO algorithm in robot motion planning concludes this chapter 

Chapter 4 deals with the initialisation of robotic formations. An optimal position 

assignment scheme is found by Discrete PSO algorithm. Each robot is assigned to a 

desired position in the initial fonnation to optimise a chosen performance index, one 

cotntnon one can be the total distance traversed by all robots. Collision checking 

procedure is followed and velocity profiles for each robot in the group to move from its 

initial position to the desired assigned position are generated by searching a so-called 

collision time diagram. The inter-robot collision avoidance is guaranteed by adopting a 

behaviour-based collision avoidance strategy. Simulations show the validity of the 

proposed algorithm. 

A generic fran1ework for planning and control of robotic formation is proposed in 

Chapter 5. The path for the reference robot in the formation is found using the modified 

A* search. Post processing to smooth the path for the fonnation is performed through 

two algorithn1s for path smoothing. The trajectories for each robot in the formation are 

planned in curvilinear coordinates and each robot will track its own desired trajectory 

utilising a unified tracking controller. The proposed framework is verified though 

si1nulations with different scenarios and an experin1ent on two A1nigoBots. 

Optimal formation planning is concerned in Chapter 6. In the first part of the chapter, 

techniques for adjusting the path, obtained by using the algorithms in Chapter 5, are 

proposed to n1axin1ise the percentage of time in the formation for robots in the group. A 

multi objective PSO algorithm is utilised to find the best updated new way-points for 

the formation path that will enhance the formation maintenance. In the second part of 

this chapter, motion commands for each robot are planned using PSO algorithms to 

minitnise the formation error with the robot velocity constraints taken into account. At 

each time step, the velocities for each robot are found based on its cunent position, its 

desired position in the formation and its velocity constraint. Behaviour-based control 

strategies are incorporated into the motion planning framework to tackle the inter-robot 
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collision avoidance. Results of extensive simulations to verify the effectiveness of 

those proposed formation motion planning algorithms are presented. 

7.2 Summary of Thesis Contributions 

7.2.1 Robotic Formation Initialisation 

The first contribution of this thesis is the development of an algorithm to initialise the 

robotic formations to meet the meet the requirement of minimun1 formation 

establishment time. Discrete Particle Swarm Optimisation is used to assign the desired 

positions for each robot. A behaviour-based strategy is deployed to find the desired 

trajectories for each robot to reach its assigned positions avoiding collision with other 

robots in the group. 

7.2.2 A Generic Framework for Planning and Control of a Robotic 

Formation 

The second contribution of the thesis is the developn1ent of a fran1ework to integrate 

planning and control to initialise and maintain robotic formations. The practical 

frame·work is proposed in an attempt to tackle the four main issues in robotic formations 

in an integrated manner. Fonnation path planning and trajectory generation are 

performed by a high level planner while motion control is implemented at robot level. 

Modified A* search together with smoothing teclu1iques yields a feasible path for the 

formation, taking obstacle avoidance into account. 

7.2.3 Optimal Formation Motion Planning 

The final contribution of the thesis is the development of two optimal methods for 

forn1ation motion planning. A multi objective PSO is utilised to maximise the 

percentage of time in fonnation which is a common evaluation metric. Based on the 

potential values of robots in the formation, the formation path is adjusted so that the 

percentage of time in formation of the group is maxin1ised. A PSO formation motion 

planning is then used to generate control co1nn1ands for each robot. An advantage of an 
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advantage of the proposed technique is its ability to produce very small formation errors 

when the formation turns . Most importantly, the proposed motion planning algorithm 

takes the kinematic and velocity constraints into account, thus always yields feasible 

control commands for robots in the group. With this approach, robots can be initialised 

and tnaintained desi red patterns of cooperative motion while avoiding potential inter-

robot collisions. 

7.3 Future Research 

Several research issues related to this work are raised here which can be further pursued 

in the contest of robotic formation research. 

7.3.1 Formation Initialisation in An Environment with Obstacles 

The proposed forn1ation initialisation algorithm assumes that the workplace is obstacle-

free , thus each robot can reach any assigned position provided that deadlocks will not 

occur. The current proposed algorithm, if applied to the case in the presence of 

obstacles, will be very computationally expensive when evaluating the fitness function 

for each particle at each time step. Initialising robotic formations in an environment 

·where obstacles ex ist will improve the proposed fran1ework versatility. 

7.3.2 Efficient Localisation Mechanism for Implementation on Real 

Mobile Robots 

To in1plen1ent any algoritluns on mobile robots, it is required the information of their 

current position and orientation. Determining robot locations based on dead reckoning 

techniques by reading shaft encoders causes large and accumulating errors. Most of the 

localisation studies are for a single robot and multi-robot localisation research is too far 

from maturity, especially when robots are required to move constantly at a relative high 

speed. A practical localisation mechanism for robotic forn1ation remains a challenging 

topic in robotic research. 
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7.3.3 Planning and Control of Robotic Formation 10 A Dynamic 

Environment 

The proposed frmnework for planning and control is for workspaces with known and 

stationary obstacles and their maps are assumed to be available. When the formation is 

deployed in an unknown or partially known with moving obstacles, simultaneous 

localisation and mapping (SLAM), and online planing and replanning are essential. 

Those are open issues for further research. 
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