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Abstract

Implementation of autonomous behaviours in molailots, using fuzzy logic control, requires formidatof
rules that are collectively responsible for necasieavels of intelligence. This collection of rulesn be conveniently
decomposed and effectively implemented as a hieyaof fuzzy behaviours. For this purpose, a hidraad
approach to the incremental design of complex rblebviours based on fuzzy logic is proposed. paper also
proposes a new hybrid behaviour coordination systetween the competitive and cooperative methodedogith
the aim of taking the advantages of robustnes®ptichized robot trajectories from both approacBasulated and
real experiments have been conducted on team oilenaioots performing a proof-of-concept dynamigytd
tracking task.
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1. Introduction in an overall controller that copes with a largemter
of complex goals under a larger number of

Autonomous mobile robot operation in natural environmental conditions. For this purpose, a
environments, however, poses a number of challengeshierarchical approach to the incremental design of
that are only partially solved by existing techrypés. complex robot behaviours based on fuzzy logic is
In particular, the control program of an autonomous proposed. Behaviour coordination is the phase inlwh
robot must be able to cope with high degrees of a coordinator module receives the responses tfall
uncertainty and unpredictability in the environment behaviours and generates a single output to béeappl
with the presence of multiple and time-dependent to the robots. If the output is the selection airggle
goals, and with limited perceptual and computationa behaviour, the coordinator is classified as contipeti
resources. Such a control program necessarily has aOn the other hand, if the output is the superparsibif
high degree of complexity. A popular way to address several behaviour responses, the coordinator lisccal
this complexity is to design the robot controllera cooperative. The competitive methods show good
modular way. According to the behaviour-based robustness in the behaviour selection and moduylarit
paradigm complex controllers are built by combining when adding new behaviours. However, a bad
in an appropriate way a number of simple behaviour- trajectory is found when there is a continuous gean
producing units, or behaviours. The key to design of the dominant behaviour. As far as cooperative
simplicity is that each behaviour is only meant to methods are concerned, they have an optimal tomject
achieve a simple, elementary goal under a limi¢adfs when parameters are properly tuned. However, they
environmental conditions. Complexity emerges from lack of robustness [1-2]. In some circumstancesta
the combination of the elementary behaviours, tiegul of behaviours can cancel the action of behavioitrs w



a higher priority (i.e. obstacle avoidance behamjiou
However, the objective of one behaviour might be in
conflict with those of other behaviours and it is
necessary to reach a compromise between conflicting
objectives. This highlights the problem of deciding
actions to achieve the required trade-off as a majo
issue in the design of systems for control and co-
ordination of multiple behaviours in a robot [3-7p
solve this conflict, this paper proposes a new iaybr
behaviour coordination system between the comyetiti
and cooperative methodologies with the aim of tgkin
the advantages of robustness and optimized robo
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to the theme of this paper. Section 3 presentsacinle ‘ Hybrid and modular behavieur coordinator ‘
dynamic target tracking. Section 4 presents hibreat l

behaviour control comprising behaviour hierarchg an ey

behaviour repertoire. Section 5 shows the proposed
hybrid behaviour coordination system. Simulatiod an
real experiments are given in section 6. Section 7 Fig. 1: Behaviour hierarchical architecture for dyma
outlines the conclusions. target tracking task

2. Background 3. Hierarchical behaviour control

The research that closely relates to the topics The hierarchical structure of a fuzzy controller
presented in this paper includes that of [5], he results from the desire to achieve a system goa fo
presented a novel reactive control architecture for COmplex process using a divide and conquer strategy
autonomous mobile robots that is based on typee FL  Control design goals of robot are decomposed into
to implement the basic navigation behaviours aed th Several sub-goals. This is possible by partitiortirey
coordination between the behaviours to producpexty ~ inPut space into a finite number of regions. A sub-
2 hierarchical FLC. A hierarchical fuzzy control —controller executes appropriate control actiondofe
approach to local navigation for autonomous mobile region. Each sub-goal is then achieved by this sub-
robots and mechanisms of behaviour modulation and controller. Thus, the task of the controller isiagkd
associated interactions is described [6]. Another Dy combining the sub-controllers. There are several
hierarchical fuzzy approach that simplifies theigies ~ reasons why a fuzzy controller should be designed i
of complex reactive behaviours is presented [7]. In hierarchical manner. First, a hierarchical systes d
their approach, design, implementation and debgggin fraction of the number of fuzzy control rules comezh
are done in a modular and incremental way based onWith non-hierarchical system. Second, the struotdire
heuristic knowledge. A vehicle to perform a simple the rules in a hierarchical system tends to simpler
task using a decision control composed of a bebavio based on fewer parameters. The hierarchical steictu
hierarchy is described [8]. First the model is preed. can also be implemented step by step, designirty eac
It is based on two components: the behaviour module Part of the system separately ensuring the reifabil
defining how each behaviour element is implemented; and stability of each component. The behaviouhef t
and the blocker that is the basic component of the Whole system can then be found by examining the
arbitration system, responsible for behaviour sielec ~~ combined effect of the individual subsystems. This
For the behaviour coordination, a complete surgey i means that the stability and reliability resultstiod
presented in [9-10]. The approach presented in this hierarchical control models should be easier taens
paper differs mainly in its use of a hierarchy fuzz @s compared to corresponding non-hierarchical
architecture comprising a hybrid and modular Systems. Therefore the overall robot behaviour is
behaviour coordination scheme that combine the decomposed into a bottom-up hierarchy of increased

competitive and cooperative approaches. behavioural complexity in which activity at a given
level is dependent upon behaviours at the level(s)



below. A collection of primitive behaviours residss
the lowest level can be referred to as primitivesle
These are simple, self-contained behaviours thaése
a single purpose by operating in a reactive oexafe
fashion. They perform non-linear mappings from
different subsets of the robot’s sensor suite to
(typically, but not necessarily) common actuators.
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Primitive behaviours are building blocks for more
intelligent composite behaviours. They can be
combined to produce behaviours suitable for
accomplishing goal-directed operations. A behaviour
hierarchy for dynamic target tracking might be
organised as shown in figure. 1. It implies that
capturing target can be decomposed as a behavioural
function of search and approach. These behaviaurs c
be further decomposed into safe wander, rotateyiol

and align, with dependencies indicated by the afjgi
lines. Furthermore, these behaviours are decomposed
into their primitive behaviours safety, avoid, farsd
surround. Surround might not be considered one of

Fig. 2: The robot behaviour and its response
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Fig. 3: Nodes response calculations

primitive behaviours because it needs co-operative
decision-making and to negotiate from which diatti
each robot should approach the target (it usesadl sm
amount of message-based communication between the
robot team-mates).

5. Modular and Hybrid behaviour coordination
system

In general, the proposed behaviour based
coordination scheme here is designed to coordmate
set of independent behaviours without the need of a
complex designing phase or tuning phase. The additi
of a new behaviour only implies the assignmentof i
priority with reference to other behaviours. The
proposed system uses a hybrid coordinator between
competitive and cooperative methodologies; the

coordinator uses this priority and a behaviour
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activation level to calculate the resultant coraicilon.
Therefore, the responsg of each behaviour is

composed of the activation levgl and the desired
robot control action v as illustrated in figure 2. The
activation level indicates the degree to which the
behaviour wants to take the control of the robdisT
degree is expressed by a numerical value froml0 to

these values are chosen heuristically. The noretliz
robot control action jvand the behaviour activation

level g constitute the behaviour responsé&he robot

control action is the movement to be followed bg th
robot. The hybrid coordinator uses the behaviour
responses to compose a final control action.

3.

Fig. 4: An illustrative example
(a) Cooperatively (b) Competitively

This process Is executed at each sample time of the
high-level controller. The coordination system is
composed of a set of nodes Each node has two

inputs and generates a response which also has an
activation level and a control action as showngare

By using these nodes, the whole coordination
process is accomplished. After connecting all the
behaviour and node responses with other nodezla fi
response will be generated to control the robothEa
node has a dominant and a non-dominant input. The
response connected to the dominant input will lave




higher priority than the one connected to the non-
dominant. When the dominant behaviour is completely
activated, g = 1, the response of the node will be equal

to the dominant behaviour. Therefore, in this ctse,
coordination node will behave competitively. Howeve
if the dominant behaviour is partially activateds €y

< 1, the two responses will be combined. The idea i
that non-dominant behaviours can modify the resgons
of dominant behaviours slightly when these are not
completely activated. In this case, the node \eifidve
cooperatively. Finally, if the dominant behavicainot
activated, ad = 0, the response of the node wéthz=l

to the non-dominant behaviour. These nodes aredcall
modular coordination nodes as its coordination
methodology changes depending on the activatiaa lev
of the behaviours and the hierarchy between thém. T
activation level will be the sum of the activatienels

of the input responses, in which the non-dominant
activation level has been multiplied by a reduction
factor. The control action is calculated in thensa
way as the activation level. Vectqrwill be the sum of

vg and g, applying the corresponding proportional
factors. Therefore, each component gwll be taken

in the proportion of the activation level, ad wilspect
to g. And, each component of,y will be taken in the

proportion of the reduced activation level, andhwit
respect to @ An example of the use of the hierarchical

hybrid coordination node is seen in figure 4. listh
figure, two different situations are depicted.Ha first
situation, the node acts cooperatively, generadimg
action which mainly follows the dominant response,
but it is also affected by the non-dominant respohs
the second situation, the dominant behaviour is
completely activated and the node acts competjtivel
Only two-dimensional actions are represented for a
better understanding. The node acts cooperatigety a
figure 4(a)), when the dominant behaviour is ndyfu
activated. In case the dominant behaviour is caielgle
activated, a competitive action is generated &gume
4(b)). The advantage of the hybrid coordinatiotesys

is that the coordinator has good modularity. Eéok t

a new behaviour is added, the priority of the new
behaviour with respect to the others is the onpeas

6. Simulation

A simulation of the co-operative task of dynamic
target tracking has been undertaken. For this, a
simulated environment has been designed to model a
large population of robots (a few thousand), défer
obstacles (e.g. in shape and size), and multipiardic
targets. Accomplishing tasks using a decentralised
system of autonomous robots requires the control
algorithms of each robot to make use of local
information. This information is acquired by the-on
board robot sensors and must be sufficient to ensur
that the entire system of robots converges towidngls
desired goal. Two kinds of sensors were simulated:
obstacle detection sensors and target detectisoigen
The purpose of the obstacle detection sensorsavas t
provide obstacle distance information to the robot.
Three ultrasonic sensors were modelled to provide
information on obstacles to the left and the right] in
front of the robot. The same models were usedi®r t
ultrasonic sensors fitted to the moving target.géar
detection was simplified by using an infrared selwat
the centre of the target and infrared target sensor
mounted on the robots. The signal received by the
sensors depended on the distance and the orientatio
between the robot and the target: the closer Htartie
the stronger the signal; similarly, the more dietite
source and sensor were aligned, the more powéa#ul t
signal. Two actuators were modelled, one for each
motor (left and right). Steering of the robot was
achieved by differentially turning the motors. The
behaviours mapped inputs from sensors to outputs to
actuators to define a stimulus-response relatipnshi
Sensors provided information to the behaviour
modules, which then processed the data to provide
commands to actuators. Many factors determine the
effectiveness of a co-operative multi-robot sysfem
dynamic target tracking. Experiments conducte®jn [
have been repeated for comparison. Experiments were
run with different numbers of robots and different
obstacle densities. Each experiment on a collection
robots was performed thirty times and the resuétsew
averaged. Several sets of experiments were cordlucte
to analyse the effects of various factors on
performance. The first experiment analysed how

which has to be chosen. Therefore, these advantagesyarying the number of robots affected the time iregu

together with the advantage of robustness from
competition and optimized trajectories from
cooperation, point out the suitability of the prepd
hybrid coordinator.

to track (capture) the target. This experiment took
place in a limited arena containing one small teagd
different obstacles. The average tracking time
(measured as the number of steps by which



Figure 6 shows that increasing the number of robots
reduced the time required to track the target. Addi
more robots did therefore produce a proportional
increase in performance. Adding very large numltber o
robots causes the environment to be full of robots
the target cannot move more than one step andeso th
tracking time kept constant. The third experiment,
very large number of robots are tracking two tasget
Fig. 5.a: The initial state, one target, ten robots within cluttered environment. The robots managed to
and different obstacles. track and capture the targets meanwhile avoid the
collision with the present of dense obstacles ag/sh
in figure 7. For the comparison with only coopamat
or competitive approaches addressed in [9], the
proposed hybrid approach achieved a better
performance.

7. Mobile Robots and Real experiments

Small radio-controlled toy cars and a small radio-
Fig. 5.b: Recorded path of ten robots of being eagap controlled toy tank were adapted to provide the
from obstacles and capturing the target. mechanical structures for the mobile robots andingpv
target, respectively. The control system for theote
and target was purpose designed for this applicaiso
the existing radio-operated controllers in the ¢ays
and toy tank were not suitable. The sensor board
contains circuitry to enable the robots to detéet t
target and other obstacles. An emitter and fous®n
were designed to be incorporated in the sensoidboar
A robot can detect another robot approaching infro
either side of it because one of the side senddieo
first robotwill be activated by the signal emitted by the
Fig. 6: Tracking a dynamic target with varying approaching robot. A robot can also distinguish
numbers of robots between a target and another robot located onreithe
side of it because of the different signals theytem
Experiments were run with two and three robots,
different obstacles and one target. Each experimast
performed six times and the results are averageel. T
first set of experiments analysed how varying the
number of robots affected the time required for
tracking the target. This experiment took placein
limited arena containing one target and no obstacle
Fig. 7: Robots successfully captured the targets The average tracking time versus the number ofteobo
was noted. The second set of experiments diffeced f
the target has moved before being captured) véiigus  the first set only by the addition of obstaclesttie
number of robots was examined. Figure 5(a) sho&s on grena. Again, performance was analysed relatittesto
of the simulated environments before the experiment number of robots performing the task. The initial
started. This contained ten robots in one cormee, 0 enyironment before the experiment started contained
target in the opposite corner, and some obstaclesthree robots, one target and obstacles randomly
randomly distributed. Figure 5(b) depicts the final gjstributed in the environment as shown in figu@)8
stage of target tracking, where the robots haveloagh  Figure 8(b) depicts an intermediate stage of target

first only by the addition of obstacles in the aen




single behaviour (or several) are satisfied, therm
need to process rules from behaviours that do not
apply. This would result in unnecessary consumpfon
computational resources and possible introductfon o
“noise” into the decision making process. The
modularity and flexibility of the approach coupigith
its mechanisms for weighted decision-making matkes i
a suitable framework for modelling and controlling
situated adaptation in autonomous robots. The
proposed hybrid coordination method for behaviour-
Fig. 8.a: The initial scenario, three robots, based control architectures is able to coordinate af
obstacles and one target behaviours cooperatively when priority behavioues a
partially activated, but also competitively whemyh
are fully activated.
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