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Abstract- This paper addresses the problem of mobile robots executing complex
behaviours in an attempt to form collaborative goduehaviour. The paper will first look ¢
forming a set of basic behaviours. These behaviours will then be evolved into
complicated group behaviours such as flocking. This is done in order to solve s
problems relating to goal finding and obska@voidance within a real world environmer
This is completed without the ew for interrobot communication.This providesa
behavour which mimics natural flockssawvell as providing individual seffufficient agents
which arenét rnuencesnt on external [
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1. Introduction

The goal of artificial intelligencdAl) is the effective and realistic simulation of natural
intelligence. Through the creation nfechanisms to simulatbese natural behavioutiseir

complex nature can begin to be understodde of the major underpinnings of natural
behaviours is the ability for agents to perform a high level of-ex@nt collaboration, with

little or no communication. This paper intends to describe work which will investigate the
effects of collaboratiorwi t h mul ti pl e agent s, within an e
communication.

These ideas are based on the notion of collaboration, a means by which agents can
interact toachieve a common goah our casehe goal isfor the agents to flockrhis will be
achieved through the introduction of basic behaviglfssuch 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 commuication[1], [2] and [14] whether itis direct or indirectcommunication This paper
postulates that effective levels of interaction can be achieved without the neaty frect
communicatiorand very little, if not any indirect communicaticthus crating 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 taeagha level of flocking with a number of

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

be measured agairsgivenset ofcriteria

1 Reliabilityi how reliableis the behaviour?
1 Repeatabilityi is this behaviourepeatabl®
1 Scalabilityi how is the behaviour affected by group 2ize

Using the above criteria the performancetioé behaviourcan be evaluated aneasily
compared each behaviour would be implemented into multiple homogenous mobile robots
specifically designed for this papeEach 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 beea number of papers and thesis devoted to the subject of collaboration ef multi
agent systems, the most predomi nant i's fAlnt
Mataric[1]. This thesis talks abouncreasing the level of complexity of mudgent syems.

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, stickckasg and foraging. The

paper concl udes t hfandatibnhrea contingirsyieffotowarls studyingy t h e
more complex behaviour, and through it, more complex intelligence The t hesi s
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interestingideas and points such as the comtiamaof basic behaviours and well as results
incorporating ideas such asl€arning.

The original paper which first brought flocking to the forefront of madfent research
wasi F|1 oc k s, Her ds, and School s: A Dioldst[3l.i but ed
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 &ef how a flock works as well as the
more particle applications of flocking.

2.2. Behaviour

The term behaviour is used widely throughout A.l., and more specifically throughout this
paper While researching for this paper a number of subtly different definstivhere coined

for behaviouy but what is behaviour?or the purpose of this paper we define behaviour as a
means to reach a certain go&lor examplaf a Sea Otter wants to open a mussel it will use a
rock to hit the mussel. The goal is to open theseuand the behaviour is hitting the mussel
with the rock. In our case the goal for the agents is to avoid obshgclesng the behaviour
known as flocking.

2.3. Multi-agent System

A great deal of research has been carried out in +agént systems, buthy do we need/use
multi-agent systems? The answer lies in particle swarm optimisation [11]. A group of agents
can solve a problerasterthan a single agent. In our case, as mentioned above, the goal is for
the agents to move while avoiding obstacles ¢his be easily accomplishedtime behaviour
known asa flock because each member of the flock is pteteby the other members.

Multi-agent systems also have the characteristic of having a high level of redundancy.
For example if a single agent exgarces 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. Een though the relative cognitive complexity of the robots are quite small
the benefits of multagents is the combined congestive complexity is extremely high.

2.4. Collaboration

Collaboration is a key concept of this paper. Typically, collaboration isofimdioed 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 batvwagents 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
Communicabn is a difficultand complicated topic in mugent systemghere has been

much debate about the level of communicattwat should be allowethetween such systems
Papers such d4], [15], state that thecommunicationanguage is not fixed and prolas a
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method where the language can evolve over time, where ¢8jefd4], useeitherdirector
indirect communication to produce the desired results.

There are two main forms of communication, either direct or indirect. Firstly direct
communications 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 inelct 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 exhibihe structured group movement known as a flock. Throughout
evolution flocking has been a popular way to protect groups from predators, increasing the
searchcapacityfor food as well as the social and mating advantages that goangs

Flocking is a form of emergent behaviour, first simulated in 1986 by Craig Reynolds
[3], it has been widely recognised and improved upon.[k6forms a simple, fast and
effective way of searching a mutfimensional domain. Flocking made upof threebasic
behaviourg3]:

1 Aggregationi Steer towards agents.
1 Separatiori Keep a minimum distance from other agents
1 Cohesiori Move towards the average position of local agents

With the successfully combinatioof thesethree behaviours devel of flocking can be
achievedbetween multi agents within the simulation. Timds paper alsgostulatesnore
complicated set of rules includingfrong wind actions, speed limitation, landing and the
ability to switch off the flockHowever because ¢boidspaper 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 behaviourgh robotics however, ardar moredifficult problens to sdve
becausdike animals the agents do not have a global view, unlike a simulation. Flocking is
especially complicated behaviour becausedquires botlaggregation and dispaon, in other
words maintain &ixed distance from an obstachsithout 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 fnstaon principle, whichever
agent is first onwill be the leader. The leader will thealternate depending on the
environmental circumstances of the current leader. There can however be more than one
leader in control of more than one floak any one tira. When these two leader encounter
each other onwill lose there leadership and merge into the other flock.
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2.7. DomainRestrictions

In order to restrict the number of variables and increase the constraints a number of domain
restrictions were imposed fdnis 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 mdneat td theemoverhents i t vy
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 syem 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 aomputer 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 Readin®]. These were originall designed by Lawrence
Withers, however this design was very limifed the applications in hanahd thus had to be
expanded upon. Specifically tlwairrentmicrocontroller(PIC16F87)had to be upgraded in

order to accomplisthe goals set out for this pap A new chassis design was neededdpe

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 thipaper 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 cansilg be modified and improved
upon at a later date.

3.1. Control Architecture

Each agent is controlled throughP&C microcontroller,PIC16F690 The PIC16F690 is a low

pin count microcontroller, which featur&8 general 1/0 pins2 comparators asell as an8

MHz internal oscillator. Thismicrocontroller is a robust, low cost approach to the control
architecture of the agentShe microcontroller provides the meansctmtrol and programme

the agent,lis makes the agents self sufficient and naainébn external computing power.
The PIC16F690 can be programmed in both C and Assemltargth the MPLAB IDE
environment; his program can then be downloaded through the Microchip PIC Kit2.
current set up requires the microcontroller to be removed andddsatb the PIC Kit demo
board. However both PIC Kit2 and the PIC16F690 support the ability for onboard
programming.

Figure 1shows the pin out diagram for the 16F690 microcontroller. Out of the 18
inputs and outputs of the microcontroller 7 are usedhbstacle 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 controtani t ect ur e has been designed
swappabl ed.

20-pin PDIP, SOIC, SSOP

VoD —=[]1 ~ 20 []=— Vss
RAS/T1CKI/OSC1/CLKIN =—=T]2 19 == RADAND/CTIN+ICSPDAT/ULPWU
RA4/ANITIG/OSC2/CLKOUT =—=[13 18] RATANT/CI12IND-NVREFICSPCLK
RAIMCLRVPP—=[]4 o 17[]== RAZANZTOCKIINT/C10UT
RCS/CCP1IP1IA =[5 £ 16[]== RCOANA/C2IN+
RC4/C20UT/IPIB =—=[]6 2 15[]== RCI/ANS/CI2INT-
RC3/ANT/C12IN3-IP1C =—=[17 E 14 []== RC2ANB/CI1Z2INZ-/P1D
RCE/ANBISS =—=[]8 13[J=—= RB4/AN10/SDI/SDA
RCT/ANS/SDO =—=[]9 12 [J-—= RBS/ANTI/RX/DT
RETITX/CK w10 11 [J=+= RBE/SCK/SCL

Figurel, Pin out diagram of the 16F690 microcontrolléf

Table 1 shows the currennodule set up for the agerdssignedor this paper. The
modular approach has a number of sigaiit advantages, the greatest being the ability to
continuously develop individual modul€Bhe following table outlines the current version of
the models that were developed for this paper:

Module Version
Motors 2
Microcontroller 4
Ultrasonic 2
Locdisation 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 reatdiyer [8], with the ability for

a decision layereach agent makes decisions based on real time sensory informatsreal

time performance is achieved through a purely reactive layer which makes decisions on a set
of preprogrammed commands. This was decided upecalise itleads to a very small
processing overhead and allows the agdot move fast and efficienthWhereas planner
system require large amounts of computing power to successful plan their route, they also
cannot cope with fast changes in the enviramnsech 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 widthdolation 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 cogmné ability but as with all multagent systems the
combination ofa large numbeof 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 approabbréo t

software architecture. However due to the hardware limitations found through experimenting,
sections 3.3.7, a gap in thdtrasonicsensors was found. This dead spot can be solved
programmatically througthe introduction of a decision layer. This an layer will search

the surrounding space everyn u mb e r of seconds to give the
surrounding. The agent can then make a decision based on this information so that it can avoid
areas where that dead spot wouldekacerbated

This is accomplished through the following algorithm:

If  (counter == 3)

{

for (int 1=1;1<4:1++)
{
Turn(90);
Listf 1].Range = Ping_sonar(); List[ I ].Angle = 90 1,

}
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 thelevelopment of theode as many of the same tasks, specifically
obstacle avoidanceyill carried ot. However the code did have to by heavily modified to
cope with the change in the PIC microcontrollBnere have been multiple versions of the
code experimenting with all different aspect of what the microcontroller is capable of
accomplishing. A greatedl of knowledge was acquired through the PIC Kit2 tutorials which
helped with the basic funcinality of the microcontroller and the development environment.

The following functions describe the basic operation of the PIC microcontrdiiehw
controls the movement and sensoigformation of the agent Additional behavioural
functions are described later drhe first function is the interrupt within this the PWM duty
cycles are set as well as initialising the global timer variables. After the motosetang
there are 5 functions to control the ultrasonic sensors. Thesfirsir tasksets up the
ultrasonic transducerso they are enabled at the correct tintes works by rotating which
transmittershould be activatedvery 244 millisecond€very 24 milliseconds thdéunction
ping_sonaris then calledvhich transmits the signal and listens for theerruptflag of the
comparator to go high, it is then able to work out how long the signal has Tdkerfiunction
can then convert this time into a genvarying from 0 to 99. To successfully transmit the
signal t he functi on ha ing sonarcapwhich pulisetheV,.f 6 s ¢ h
pin of the comparator to ground and the calls eiiieg_sonarlor ping_sonar2depending
on whether the fé or right sonar is to be transmittedhese 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 pinktbe microcontroller to see if any
returnhigh indicating that there is another agent within rafde final function is thenain
function. This is where all the previously nonterrupt functions are declared and executed.
Thi s 1 s al s o revdetaup t® enabledoth tie Dodafisatian system and the visual
display
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3.3. Hardware Architecture
3.3.1. Power

Each agent workgrougha 9 volt power supply. This is in the form of a NiMH rechargeable
PP3 battery mounted onto the chasEigese batteries are tearged externally through a plug

in mains chargerThe 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 maximurovper and rangeEach agent has a battery life of
approximately 30 minutes.

3.3.2. Chassis

The main robot feates a strong and durable chasdiss thassis is made out of 3 sheets of
circular steelEach sheet is mounted 2.5cm above the last with threadegivind the robot

its modular desigrThe chass was designed with the helpatomputer aided design (CAD)
program,AutoCad LT. This enabled the chassis to be designed and developed to a high
degree of accuracy. Three separammplateswere produced, @anfor each module. These
designs were thensedto 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 &t PCB. The motor module requirasslightly higher level of complication
because it requires thmotors to be precisely mounted @t90 degree angldé~or this a
standard sheet of steel was angled at either epdotade the required 90 degreethis was

then attached to the bottom plascan been seen figure 2.

| I====il|====|||:
il ===if|====]|I:
= [=|[p
il ===l ===l
L[| === === :

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

A number of different prototypes were built for the chagsigure3, below shows the
comparisons between the first prototype and the final de$igm.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 éhassis design to the final chassis design
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3.3.3. Movement

Movement is accompligd through 2 differential drived2volt D.C. motors These are
controlled througha high frequencyulse width modulation, PWMPWM s effectively a
square wave with a modulated duty cydechange in the duty cycleesuts in the average
value of the waveform being changehis can be givenybequation 1.

1.7
Z?raf(t)dt (1)

Changing the average value of the waveform results in an increase or decreasblgspé
voltage going through the motors, this leads to a variable sféwd.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 froswiteh is the product

of the current and voltage, thus because the switcheglthe 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) semdactor switch, in combination with the
software to produce a range-8fthrough to §or 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 Vébibe. there are 2
plasticwheels 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 fornobétacle 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 wit+5v and-5v providing the transducewvith a 10v differential
which dramatically increasethe range. This is achievedthrough the microcontrollerby
connecting both the positive and negative rails of the ultrasonic transds&town in figure
4. The microcontroller can puRCO high andRC1low, then reverséhe polarities, this leads
to the wavéorm shown in figure 4

—— Microcontroller

+

RCO
RC1
Ultrasonic transmitter

Figure 4. Diagram of ultrasonitransmitterandwave form apjpéd to ultrasonic transmitter

Time

\ 4
abejjon

We usethe assembledanuageto accurately control the timing of the transmissioThe
frequency of the transmissions through the ultrasonic transducers is 4E&thetransmitter

is fired alternatively; this avoids the possibility of the two signals interfering. The
microcontroller listens and waits until the signal has been reddiefore 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 wavéhat is emitted by the transmittessdeflected by obstacles back into
the receiver. The recad signal is then amplified and passed ith® inbuilt comparator of
the mcrocontroller.Whenthe Vit voltage to exceedthe Vj, voltage the comparator fise
setting the interrupt flagf the comparator (CM1CONG®jigh. The time between the signal
being transmittedand the interrupt flag going high,is measured. Utilising the Time of Flight
[9] method the exact distance from the obstacle can be calculated.

emg,

d[m]=v8SH t[s] 2

If the Vi, of the comparator ipulled low then highagain this causes the capacitor to
discharge and recharg@&his produces a rangavept gain [6]. If the ultrasonic ping is
received faster it should have a higher voltage than that of a signal receivednatefoie to
compensate for the power fall off we want thg; Voltage to increase over time making the

receiver more sensitive. We can see this is fi§ké¢s has a slope proportionmiz.
r

Vref

Figure 5. Graph showing the ranggwvept gain of the Figure 6. Schematic diagram of agent sensing rang
receiving circuit. The ) shows the voltage of the  Localisation, larger circle while ultrasonic range is
ultrasonic receiver. the smaller arc.

When an olgct is closer a higher received voltage is generated forciggovexceed
which fires the comparatofhe software architecture of the agent then measures the time
between the signal being sent and received and converts this into a range betvee@®.0 an

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 taffetse 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 rdtlising this method the agent is able to

detect a light source in anye 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

CYB/3/UG/DSN/1 11



