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 Abstract - This paper addresses the problem of mobile robots executing complex group 

behaviours in an attempt to form collaborative group behaviour. The paper will first look at 

forming a set of basic behaviours. These behaviours will then be evolved into more 

complicated group behaviours such as flocking. This is done in order to solve specific 

problems relating to goal finding and obstacle avoidance within a real world environment. 

This is completed without the need for inter-robot communication. This provides a 

behaviour which mimics natural flocks, as well as providing individual self-sufficient agents 

which arenôt reliant on external influences. 
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1.  Introduction  

 

The goal of artificial intelligence (AI)  is the effective and realistic simulation of natural 

intelligence. Through the creation of mechanisms to simulate these natural behaviours their 

complex nature can begin to be understood. One of the major underpinnings of natural 

behaviours is the ability for agents to perform a high level of inter-agent collaboration, with 

little or no communication.  This paper intends to describe work which will investigate the 

effects of collaboration with multiple agents, within an environment which doesnôt allow 

communication. 

 

 These ideas are based on the notion of collaboration, a means by which agents can 

interact to achieve a common goal, in our case the goal is for the agents to flock. This will be 

achieved through the introduction of basic behaviours [1], such as exploring, following and 

homing to achieve complicated and robust levels of interaction. 

 

 Previous attempts at flocking between mobile robots have all been carried out aided 

by communication [1], [2] and [14], whether it is direct or indirect communication. This paper 

postulates that effective levels of interaction can be achieved without the need for any direct 

communication and very little, if not any indirect communication, thus creating more reliable 

and faster agents which produce behaviour closer to that of natural intelligence. 

 

1.1. Deliverables 

 

The goal of this paper is to describe the methods used in order to achieve a level of 

collaboration between the agents, specifically to achieve a level of flocking with a number of 

key behaviours such as obstacle avoidance and goal finding. Each individual behaviour will 

be measured against a given set of criteria: 

 

¶ Reliability ï how reliable is the behaviour? 

¶ Repeatability ï is this behaviour repeatable? 

¶ Scalability ï how is the behaviour affected by group size? 

 

Using the above criteria the performance of the behaviour can be evaluated and easily 

compared, each behaviour would be implemented into multiple homogenous mobile robots 

specifically designed for this paper. Each robot, agent, will be given the ability to detect 

obstacles and the location of other agents, using these basic sensors, the agents will achieve 

an advanced level of collaboration. 

 

2. Research 

 

2.1. Literary Review 

 

There has been a number of papers and thesis devoted to the subject of collaboration of multi-

agent systems, the most predominant is ñInteraction and Intelligent Behaviourò by Maja 

Mataric [1]. This thesis talks about increasing the level of complexity of multi-agent systems. 

It proposes increasing both the cognitive and environmental complexity of such systems, in an 

attempt to further understand these systems. Specifically the author is involved in combining 

basic behaviours to produce more advanced behaviours, such as flocking and foraging. The 

paper concludes that the thesis is only the ñfoundation in a continuing effort towards studying 

more complex behaviour, and through it, more complex intelligenceò. The thesis draws 
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interesting ideas and points such as the combination of basic behaviours and well as results 

incorporating ideas such as Q-learning.  

 

 The original paper which first brought flocking to the forefront of multi-agent research 

was ñFlocks, Herds, and Schools: A Distributed Behavioural Modelò by Craig Reynolds [3]. 

This paper was one of the first to simulate flocking and describe, in great detail, the theory 

and principles associated with creating a successful flocking motion. Even though this paper 

was written with simulation in mind it still gives the idea of how a flock works as well as the 

more particle applications of flocking. 

 

2.2. Behaviour 

 

The term behaviour is used widely throughout A.I., and more specifically throughout this 

paper. While researching for this paper a number of subtly different definitions where coined 

for behaviour, but what is behaviour? For the purpose of this paper we define behaviour as a 

means to reach a certain goal. For example if a Sea Otter wants to open a mussel it will use a 

rock to hit the mussel. The goal is to open the mussel and the behaviour is hitting the mussel 

with the rock. In our case the goal for the agents is to avoid obstacles by using the behaviour 

known as flocking.  

 

2.3. Multi-agent System 

 

A great deal of research has been carried out in multi-agent systems, but why do we need/use 

multi-agent systems? The answer lies in particle swarm optimisation [11]. A group of agents 

can solve a problem faster than a single agent. In our case, as mentioned above, the goal is for 

the agents to move while avoiding obstacles this can be easily accomplished in the behaviour 

known as a flock because each member of the flock is protected by the other members.  

 

  Multi -agent systems also have the characteristic of having a high level of redundancy. 

For example if a single agent experiences a malfunction, then only that agent will be effected 

leaving the other agents to continue until the goal is reach. This has great advantages over 

single more complicated robots which have a higher chance of malfunction than smaller 

multiple robots. Even though the relative cognitive complexity of the robots are quite small 

the benefits of multi-agents is the combined congestive complexity is extremely high. 

 

2.4. Collaboration 

 

Collaboration is a key concept of this paper. Typically, collaboration is the combined working 

of groups to accomplish a given goal. Collaboration is an advanced form of interaction which 

is also a form of behaviour. The point at which interaction becomes collaboration is difficult 

to determine. Interaction does not only happen between agents but also any given agent and 

its surrounding environment. Therefore the point at which interaction becomes collaboration 

is the point where the agent chooses to act with the group instead of its own sensory 

information. 

 

2.5. Communication 

 

Communication is a difficult and complicated topic in multi-agent systems, there has been 

much debate about the level of communication that should be allowed between such systems. 

Papers such as [4], [15], state that the communication language is not fixed and provides a 
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method where the language can evolve over time, where others [5], [14], use either direct or 

indirect communication to produce the desired results. 

 

 There are two main forms of communication, either direct or indirect. Firstly direct 

communication is the method by which information is passed between robots on a robot by 

robot basis, meaning there is an intended recipient. This can be information such as speed, 

heading etc. In contrast, indirect communication is the method by which communication is 

passed through changes in the environment. 

 

 In this paper the amount of communication between agents will be strictly limited. 

There will be no form of direct communication either between agents or with an external 

source. There will also be very little indirect communication; the behaviours of the agents will 

be controlled solely through the direction in which the nominated leader will be heading. 

 

2.6. Flocking 

 

The most predominate species which flock are birds, however flocking is not just restricted to 

birds, all animals can exhibit the structured group movement known as a flock. Throughout 

evolution flocking has been a popular way to protect groups from predators, increasing the 

search capacity for food as well as the social and mating advantages that groups bring.  

 

Flocking is a form of emergent behaviour, first simulated in 1986 by Craig Reynolds 

[3], it has been widely recognised and improved upon [16]. It forms a simple, fast and 

effective way of searching a multi-dimensional domain. Flocking is made up of three basic 

behaviours [3]: 

 

¶ Aggregation ï Steer towards agents. 

¶ Separation ï Keep a minimum distance from other agents. 

¶ Cohesion ï Move towards the average position of local agents 

 

With the successfully combination of these three behaviours a level of flocking can be 

achieved between multi agents within the simulation. The boids paper also postulates more 

complicated set of rules including strong wind actions, speed limitation, landing and the 

ability to switch off the flock. However because the boids paper focuses on the simulation it 

takes great liberties compared with natural flocks. For example the paper works out the where 

each agent should fly by calculating the centre of mass of the neighbouring agents. This is of 

course impossible in nature. 

 

Emergent behaviours in robotics, however, are far more difficult problems to solve 

because like animals the agents do not have a global view, unlike a simulation. Flocking is an 

especially complicated behaviour because it requires both aggregation and dispersion, in other 

words maintain a fixed distance from an obstacle, without colliding with that obstacle. 

 

 For a successful flock a leader is required. This leader has to be dynamic and not pre-

programmed. In our case our leader will first be selected on a first on principle, whichever 

agent is first on will be the leader. The leader will then alternate depending on the 

environmental circumstances of the current leader. There can however be more than one 

leader in control of more than one flock at any one time. When these two leader encounter 

each other one will  lose there leadership and merge into the other flock.  
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2.7. Domain Restrictions 

 

In order to restrict the number of variables and increase the constraints a number of domain 

restrictions were imposed for this paper. Firstly all the agents are homogenous. This increases 

the robustness of the agents and does not require any particular agent to accomplish any given 

task. The homogeneity also makes the behaviour of the agent predictable leading to the ability 

to easily for each agent to react to another. The second domain restriction is the limitation of 

communication; no agent is allowed to communicate with another either directly or indirectly. 

Each agent will basically have the ability to óseeô other agents and react to the movements 

seen by an agent; this is explained in greater detail below. The third domain restriction is the 

need for an environment relatively low on noise, specifically directed light sources. Due to the 

functionality of the localisation system directed light sources cause a great deal of noise 

within agent. The domain is also restricted by the number of agents that can be involved in 

any given behaviour. To show the agents operating in a domain whereby they are no limited 

by these factors a computer simulation will be created to model the exact behaviour of the 

agents. 

 

3. Robot Architecture 

 

The robots which were constructed for the paper were originally inspired by the Mobile Robot 

module at the University of Reading [6]. These were originally designed by Lawrence 

Withers, however this design was very limited for the applications in hand and thus had to be 

expanded upon. Specifically the current microcontroller (PIC16F87) had to be upgraded in 

order to accomplish the goals set out for this paper. A new chassis design was needed to cope 

with the extra hardware, specifically relating to the mounting of sensors. New printer circuits 

boards and circuit diagrams had to be developed to successfully integrate the new features 

that are required for this paper into the model. 

 

Each of the robots created for this paper has a modular approach to the design. These 

robots consist of 3 major and interchangeable modules, motor drivers, processor, and 

localisation. This allows for a robust framework which can easily be modified and improved 

upon at a later date. 

 

3.1. Control Architecture 

 

Each agent is controlled through a PIC microcontroller, PIC16F690. The PIC16F690 is a low 

pin count microcontroller, which features 18 general I/O pins, 2 comparators as well as an 8 

MHz internal oscillator. This microcontroller is a robust, low cost approach to the control 

architecture of the agents. The microcontroller provides the means to control and programme 

the agent, this makes the agents self sufficient and not reliant on external computing power. 

The PIC16F690 can be programmed in both C and Assembler through the MPLAB IDE 

environment; this program can then be downloaded through the Microchip PIC Kit2. The 

current set up requires the microcontroller to be removed and inserted into the PIC Kit demo 

board. However both PIC Kit2 and the PIC16F690 support the ability for onboard 

programming. 

 

Figure 1 shows the pin out diagram for the 16F690 microcontroller. Out of the 18 

inputs and outputs of the microcontroller 7 are used for obstacle avoidance, 4 are used for 

localisation, 4 are used to drive the motors and 2 for general purpose signalling lights. The 

microcontroller is mounted on a custom printer circuit board interfaced with the other two 
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modules of the agent. The control architecture has been designed so that the modules are óhot-

swappableô. 

 
Figure1, Pin out diagram of the 16F690 microcontroller [7]  

 

 Table 1 shows the current module set up for the agents designed for this paper. The 

modular approach has a number of significant advantages, the greatest being the ability to 

continuously develop individual modules. The following table outlines the current version of 

the models that were developed for this paper: 

 

Module Version 

Motors 2 

Microcontroller 4 

Ultrasonic 2 

Localisation 5 

Table 1. Current version numbers of mobile robots. 

 

3.2. Software Architecture 

 

Each agent has a homogenous approach to its software architecture. The agent employs a 

subsumption like architecture consisting of a single fully reactive layer [8], with the ability for 

a decision layer; each agent makes decisions based on real time sensory information. This real 

time performance is achieved through a purely reactive layer which makes decisions on a set 

of pre-programmed commands. This was decided upon because it leads to a very small 

processing overhead and allows the agents to move fast and efficiently. Whereas planner 

system require large amounts of computing power to successful plan their route, they also 

cannot cope with fast changes in the environment such as other agents. 

 

 The software is mostly written in C and complied by HiTech PICLite C complier. The 

software is split into a number of procedures and functions which accomplish certain goals of 

the robot, for example to control the pulse width modulation of the motors. However the 

procedures and functions also convert the sensory information, such as ultrasonic timings into 

a form with can be easily read and incorporated into other parts of the programming. Each 

agent individually has a low cognitive ability but as with all multi-agent systems the 

combination of a large number of low ability agents will be able to solve a problem of great 

complexity. 

 

3.2.1. Decision Layer 
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Originally the agents were designed with a purely reactive bottom up approach to there 

software architecture. However due to the hardware limitations found through experimenting, 

sections 3.3.7, a gap in the ultrasonic sensors was found. This dead spot can be solved 

programmatically through the introduction of a decision layer. This decision layer will search 

the surrounding space every x number of seconds to give the agent a picture of itôs 

surrounding. The agent can then make a decision based on this information so that it can avoid 

areas where that dead spot would be exacerbated. 

 

This is accomplished through the following algorithm: 

 
If  (counter == 3)  

{  

     for  ( int  I = 1; I < 4: I++)  

     {  

         Turn(90);  

         List[ I ].Range = Ping_sonar(); List[ I ].Angle = 90  * I ;  

     }  

     List.Range.Sort();  

     Turn(List[1].Angle);  

}  
Algorithm 1. Decision layer. 

 

3.2.2. Code explanation 

 

Lawrence Withers code for the Mobile Robot project [6] was available and was used as a 

reference point for the development of the code as many of the same tasks, specifically 

obstacle avoidance, will  carried out. However the code did have to by heavily modified to 

cope with the change in the PIC microcontroller. There have been multiple versions of the 

code experimenting with all different aspect of what the microcontroller is capable of 

accomplishing. A great deal of knowledge was acquired through the PIC Kit2 tutorials which 

helped with the basic functionality of the microcontroller and the development environment. 

 

 The following functions describe the basic operation of the PIC microcontroller which 

controls the movement and sensory information of the agent. Additional behavioural 

functions are described later on. The first function is the interrupt within this the PWM duty 

cycles are set as well as initialising the global timer variables. After the motors are set up 

there are 5 functions to control the ultrasonic sensors. The first sonar_task sets up the 

ultrasonic transducers so they are enabled at the correct times, this works by rotating which 

transmitter should be activated every 244 milliseconds. Every 244 milliseconds the function 

ping_sonar is then called which transmits the signal and listens for the interrupt flag of the 

comparator to go high, it is then able to work out how long the signal has taken. This function 

can then convert this time into a range varying from 0 to 99. To successfully transmit the 

signal the function has to call one itôs child functions, ping_sonar_aux, which pulls the Vref 

pin of the comparator to ground and the calls either ping_sonar1 or ping_sonar2 depending 

on whether the left or right sonar is to be transmitted. These two functions provide the 

differential voltage to the transmitters.  

 

 The localisation system is less complicated requiring only one setup function, 

isAnother, which individually checks all the incoming pins of the microcontroller to see if any 

return high indicating that there is another agent within range. The final function is the main 

function. This is where all the previously non-interrupt functions are declared and executed. 

This is also where the LEDôs are set up to enable both the localisation system and the visual 

display.  
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3.3. Hardware Architecture 

 

3.3.1. Power 

 

Each agent works through a 9 volt power supply. This is in the form of a NiMH rechargeable 

PP3 battery mounted onto the chassis. These batteries are recharged externally through a plug 

in mains charger. The agent also features a 5 volt regulator for the microcontroller and a 

number of other low powered semiconductors. There is also 9 volts running to the motors and 

localisation system to provide maximum power and range. Each agent has a battery life of 

approximately 30 minutes. 

 

3.3.2. Chassis 

 

The main robot features a strong and durable chassis, this chassis is made out of 3 sheets of 

circular steel. Each sheet is mounted 2.5cm above the last with threaded rod giving the robot 

its modular design. The chassis was designed with the help of a computer aided design (CAD) 

program, AutoCad LT. This enabled the chassis to be designed and developed to a high 

degree of accuracy. Three separate templates were produced, one for each module. These 

designs were then used to allow easy marking and construction. Each plate has a relatively 

low degree of complication with 3 major holes for the threaded rod and a number of smaller 

holes to mount the PCB. The motor module requires a slightly higher level of complication 

because it requires the motors to be precisely mounted at a 90 degree angle. For this a 

standard sheet of steel was angled at either end to provide the required 90 degrees, this was 

then attached to the bottom plate, as can been seen in figure 2.  

  
Figure 2, schematic design of chassis, front facing and left facing. 

  

A number of different prototypes were built for the chassis. Figure 3, below shows the 

comparisons between the first prototype and the final design. The overall structure remains 

the same however the threaded rod, which holds the robot together, has been reorganised and 

thinner, whereas the cylindrical cap has been removed. 

 

 
Figure 3, comparison of original chassis design to the final chassis design  
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3.3.3. Movement 

 

Movement is accomplished through 2 differential driven 12volt D.C. motors. These are 

controlled through a high frequency pulse width modulation, PWM. PWM is effectively a 

square wave with a modulated duty cycle. A change in the duty cycle results in the average 

value of the waveform being changed; this can be given by equation 1. 

 

ñ=
T

dttf
T

a
0

)(
1

                                                       (1) 

 

Changing the average value of the waveform results in an increase or decrease, respectably, of 

voltage going through the motors, this leads to a variable speed. The PWM is used in 

conjunction with a semiconductor switch which controls the voltage or current across the 

motors. At any one time the amount of power being dissipated from the switch is the product 

of the current and voltage, thus because the switched are either high and have no voltage drop 

or low and have no current drain, the power dissipated by the switch is effectively nothing. In 

our case we are using a MOSFET (T4427) semiconductor switch, in combination with the 

software to produce a range of -8 through to 8 for the PWM. 

 

 Stability of the robot is achieved through the use of a single caster wheel mounted 

onto the chassis which provides free and easy movement of the robot. While there are 2 

plastic wheels mounted onto the motors to provide both grip and momentum. 

 

3.3.4. Obstacle Avoidance 

 

The obstacle avoidance works by utilising 3 ultrasonic transducers, two transmitters and one 

receiver. This very efficient and advanced form of obstacle avoidance allows an object to be 

detected and avoided before the agent encounters the object. 

 

3.3.4.1. Ultrasonic Transmitter 

 

Each transmitter is fired with +5v and -5v providing the transducer with a 10v differential 

which dramatically increases the range. This is achieved through the microcontroller, by 

connecting both the positive and negative rails of the ultrasonic transducer, as shown in figure 

4. The microcontroller can pull RC0 high and RC1 low, then reverse the polarities, this leads 

to the waveform shown in figure 4. 

 

 
Figure 4. Diagram of ultrasonic transmitter and wave form applied to ultrasonic transmitter. 

 

We use the assembler lanuage to accurately control the timing of the transmissions. The 

frequency of the transmissions through the ultrasonic transducers is 40 KHz. Each transmitter 

is fired alternatively; this avoids the possibility of the two signals interfering. The 

microcontroller listens and waits until the signal has been received before sending out the new 

signal. If the signal is not received within a certain time the signal is declared lost. 
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3.3.4.2. Ultrasonic Receiver 

 

The short sound wave that is emitted by the transmitters is deflected by obstacles back into 

the receiver. The received signal is then amplified and passed into the inbuilt comparator of 

the microcontroller. When the Vref voltage to exceeds the Vin voltage the comparator fires, 

setting the interrupt flag of the comparator (CM1CON0) high. The time between the signal 

being transmitted and the interrupt flag going high, t, is measured. Utilising the Time of Flight 

[9] method the exact distance from the obstacle can be calculated. 
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If the Vin of the comparator is pulled low then high again, this causes the capacitor to 

discharge and recharge. This produces a range-swept gain [6]. If the ultrasonic ping is 

received faster it should have a higher voltage than that of a signal received later. Therefore to 

compensate for the power fall off we want the Vref voltage to increase over time making the 

receiver more sensitive. We can see this is figure 5; Vref has a slope proportional to
2

1

r
. 

 

  
Figure 5. Graph showing the range-swept gain of the 

receiving circuit. The Vin shows the voltage of the 

ultrasonic receiver. 

Figure 6. Schematic diagram of agent sensing range. 

Localisation, larger circle while ultrasonic range is 

the smaller arc. 

 

 

When an object is closer a higher received voltage is generated forcing Vref to exceed Vin 

which fires the comparator. The software architecture of the agent then measures the time 

between the signal being sent and received and converts this into a range between 0 and 99. 

 

3.3.5. Localisation 

 

Localisation is achieved through 8 phototransistors and high intensity light emitting diodes 

mounted 45 degrees apart on the top of each agent, as shown in figure 6. These diodes are an 

active target [9], as opposed to a passive target. These give the agent a detection range of 

approximately 600mm. Each agent has a bias towards the front this makes the front more 

sensitive to changes in light source than the rear. Utilising this method the agent is able to 

detect a light source in any one of the 8 phototransistors and rotate the agent until the centre 

front detector is facing the light source. The ultrasonic transducers are then activated in order 

Vref 

Vin 


