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Abstract

Multirobot sysems are becoming more and more sgnificant in indudtrid, commercid and scentific
goplications induding: plant maintenance, warehouse operation, space missons, operations in
hazardous environments and military gpplications. Localised control has advantages over hierarchica
control because the robots can be autonomous.

Thegods of this project are to closdy examine the dgorithmsthat can control multiple mobile robots
and to study the complexity of such systems. Ultimatdy it would be useful if the dgorithms are
implementable in mechanica platforms. This andyss was made possible through the cregtion of a
Java& #129; application to run dynamic Smuldions.

The gpplications created as part of the project show how a group or groups of robots can be
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controlled by various dgorithms. Animation was chosen as the preferred mode of andyss dueto the
overwhdmingly complex nature of large groups of mohile robots. Each mobile agent is programmed
with the same dmple dgorithm that cause the group to exhibit a complex behaviour.

The report that follows focusses on the behaviours that are possible through the implementation of
locdised contral. It aso examines the required mobility of the mechanica base and resolution of
detection devices. The dgorithms presented make few assumptions about the type of robot used.

Demongrated in the following chapters are examples of dgorithms for Hocking and for Forming
Lines. The process of designing for localised control is explained and a structure is presented on
which further work can be built.

The results show thet it is possble to creaste complex behaviours usng reatively smple dgorithms.

Usng methods presented in this report, the implementation in a physical group of robots is made
quitefeasible.
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|. Introduction

The nature of thisproject istheoretical rather than practical. While the report examines the potentia
goplications and attempts to demonstrate the capability of multiple mobile robots, these dgorithms are
not yet implemented in real robots. The mode of demongration is to use smulaed robot agents
referred to as 'boids' to implement various agorithms.

The concept of 'boids' is not new and was initidly developed by Craig Reynoldg 1] who wrote the
firg detailed paper on this subject. The basic concept he proposed was to replicate the behaviour of
birds, spedificdly the species such as sparrows which are observed to move in flocks. The behaviour
and internd mechanics of a flock or swarm are quite complex to anadyse but can be demonstrated
usng artificia entities.

The potential uses for this type of programming vary from dynamic sculptures to military
goplications. The inspiration for darting the project was a water sculpture usng multiple mobile
robots to emulate the behaviour of fish in the water. The flud environment in this case would cause
some difficulties in tuning and detection but essentidly the same dgorithm could be used.

Of amore serious nature, military applications could include offendve robotic swarms that homeinon
a target and attack en masse. The approach of a large number of mobile robots or drones could
confuse and more eedly infiltrate a security or defence system than a sngle large unit. Also being
researched by the US military is the concept of replacing military satellites with ‘congtellations of
smdl mobile unitg4]. This makes the destruction of the satellite much harder as it could il function
with reduced numbers.

Thisreport examines the concept of multirobot systems interms of the complexity and to some extent
the computation power of such systems. In the fallowing chapter it will be shown that the system of
boids was too complex to modd andyticaly. The path followed has been to use smuldions in
discretetime.

The dgorithm itsdf is executed locdly in each mobile agent of the flock or swarm. This means that
each agent makes decisons depending on what is detected in the immediae environment.
Communication between robots has been implemented in other studies but for this project it was
ruled out as an unnecessary complexity.

Communication can be essentiad when the environment isvery complex. For example ina warehouse
with many passageways and dead ends it would be ussful for an agent to be able to sgnd its sblings.
Possble protocols would be: STOP, WAIT, GO AWAY and HELP. A smple language like this
would enable robots to inform each other of specid Stuations and perhaps initiate and coordinate a
higher order function such as moving or lifting a large crate.

A number of dgorithms were implemented in the course of this project. Two complex behaviours are
presented in detal in this report. The flocking behaviour described above is the most commonly
demonstrated phenomena. A number of steps were taken to optimise the flocking the behaviour and
make the implementation |ess dependant on sensory devices.

The forming lines dgorithm isa new concept and shows the flexibility of multiple robot systems. Both
of these behaviours are achieved without the use of ‘tranamitters or 'beacons which are commonly
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used to direct agents in exiging systems.

A copy of this report will be avaladle on the Internet and the disc attached contains copies of Al
demonstrated behaviours.

|I. Complexity of Multirobot Systems

Thereis alot of interest in scentific circles in the study of complex systems. Recent developments
have shown that organic compounds such as DNA can be used to implement dgorithms and solve
complex problems.

Thereisa question as to whether a Smilar development could be made usng some form of svarming
agorithm. There are two ways to approach this problem. The agents can be made more complicated
in order to perform in a more complex way. The other approach is to make do with the exising
ample agents and create an environment where computation ispossible.

The agents used throughout this report are referred to as 'boids and have very smple properties.
They move at a congtant speed and have a limited detection range, they are dso restricted in how
quickly they can turn. With these redrictions is quite hard, if not impossble, to implement a
cdculding device.

A. Computational Power

The smplest implementation that uses these properties islogicd gates. Shown below are two types
of 'gates that represent logicd AND and logicad XOR. The concept is that a boid represents a
TRUE vdue and no boid represents FALSE. The output of the gate is TRUE if any boids pass
through the gate.

The logicd function AND should output TRUE only if both inputs are TRUE. The function XOR
should output TRUE if only a 9ngle boid isinput to the gate.

A A

Figure 1: Representation of an AND gate.

Thisscenario represents alogical AND inthat aboid will only appear at the other sde of the gate if
both are present. With ether boid absent the lone boid will be blocked by the wdl. With two boids,
they will be attracted and take a common path through the gate.
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Figure 2: Representation of an XOR gate.

The figure above shows how we can implement an XOR gate. In thiscase a boid only appears ar the
other sde of the gate when it isadone. With two boids present they will be attracted to each other
and together be blocked by the wadl. This model could be changed to an OR gate by removing
centra portion of thewdl

Theidea of having no boids is where thismode fails How can the O output of a gate be recognised.
Also, in the case of the AND gate what can be done with the two boids that emerge. The solution is
to make each gate a closed system with input and output channels. At certain times a boid would
emage representing a TRUE vdue or not emerge representing a FALSE vdue

For example a NOT gate would emit a boid every timestep unless a boid had been passed to it
during that timestep. This adds some complications to the implementation as boids have to be made
to appear or emerge at set times. The AND and XOR gates would be modified as shown below:

A ANDE ANORE
— A — A
A i i i
i E A E

Figure 3: Modular representation of logica gates.

The difference between these modes and the previous are that the boids that enter the gates are not
necessarily the ones that emerge. The area behind the gate detect boids that pass through the gate and
emit a boid to represent a TRUE vaue. The exception, as mentioned above, would be the NOT gate
which would emit a boid when the input was FAL SE (no boid entered).

A NAND gate could be implemented usng the AND followed by a NOT. With NAND gates we
can create any logicd functions. The above andyss shows that swarming agents are to be
considered quite serioudy interms of their ability to solve problems. Obvioudy this could be built on
and examined in more detall but that isbeyond the scope of this project.
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B. Complexity of the swarm

The control of swarming robots is complex enough that dl exiding research has been done through
animation or computational analyss. It would be interesting if we could prove that the dgorithmisin
fact impossble to modd. The closest exiging mathematical Structure is the three-body problem
which occursin dynamica astronomy.

The three-body problem isa sort of intermediate dynamics and mathematics problem between the
two-body problem, which isstraightforward and easy to olve andyticdly, and then-body problem
which has just a few solutions for some very generd properties.

The genera problem of the motion of three bodies (assumed to be point masses) subject only to
their mutud gravitationa attractions has not been solved andyticaly. The two approaches to this
problem are:

1. solvethe problem using computationa analyss/animation, or
2. assume one of the massesisinfinitesmaly smal compared to the other two and thus cannot
affect their motion (the restricted three-body problem).

Clearly the flocking system does not have quite as many interactions as a planetary system and
momentum properties have not been implemented at this stage. While these points would make the
boid system easier to andyse there are some features that combine to make the problem unsolvable
for more than two boids. It is aso not feesble to make an assumption Smilar to point 2 above.

In a physicd implementation of any boid system each agent would be running a separate interna
processor. Cdculations for turning the robot would take place at discrete times in each boid but the
members of the flock would not perform cdculdions at the same time. This uneven discretisation is
responsible for making even some computational models unrdiable.

1. Localised Control

The most commonly accepted form of control isdistributed control inwhich a centralised processor
coordinates the motion of dl agents. This meansthat the robot agents haveto be in contact with the
controller at dl times and the controller mugt divide its processing time between the agents. Adding
additional agents adversely affects existing agents by dowing the processor.

By converting to locdised control the problems mentioned above are corrected. The robot agents
contain their own processors and do not have to reman in contact with the controller. The
disadvantages are that the robots become more complex and mus be able to react on thar own to
different Stuations.

Research into cooperative robots usng locadised control has produced three distinct types of control:

1. Traffic control: When multiple agents move within a common environment, they typicaly move
to avoid collisons,
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2. Cooperative manipulation: This can cover anumber of scenarios including the most common
examples of pushing or lifting abox[3].

3. Foraging: Thistitleis sdlf-explanatory and could cover anything from cleaning up toxic waste
to locating survivors after an earthquake.

The approach of this project has been to redtrict study to the firg category in this lig because this
classisnot dependent on objects in the environment.

The problem of producing complex behaviour patterns in multiple mobile robots is one of
experimentation and iteration. The firg step is to look at the desired behaviour and then try to
determine what the individud agents would have to accomplish to be part of the proposed behaviour.
Once this is established the amulation can be run and modifications made if the result is not
satisfactory.

Many ussful behaviours are found in the animd kingdom where we can observe behaviours such as
flocking, following and foraging. More difficult to define are the behaviours that would be useful inan
indugtrid environment such as a factory or warehouse. The firg process described here is the
flocking behaviour.

The observations of flocks of birds and schools of fish tdl a lot about whét is required to implement
this behaviour. The pointsto notice are:

1. Thehirdsfish form adigtinct group,
2. The members of the flock/school tend to be evenly space, not bumping into each other
3. Theflock/school tends to have an overdl direction.

The way to approach an dgorithm is to enforce these three behaviours in each individud boid as
described in the next chapter. Once a basc modd is implemented it is necessary to refine the boid
properties in order to get the best behaviour. This isa matter of changing the weghting factors of
different force components. For example, if the boids are bumping into each then the repulson is
increased. Thisprocess isdescribed in alater chapter.

The second behaviour described in this report is forming lines The key points to notice in this
behaviour are that the boids only want to have two neighbours in order to form aline It would be
ussful if the boid formed a linewith its two neighbours and aso kept a reasonable distance from them.
As with the previous example the dgorithm has been implemented and then refined through an
iterative process.

V. Flocking Algorithm

Flocking occurs in nature and is exhibited by birds, fish and some insects. The sght of a migraing
flock of birds isone we are dl familiar with. This behaviour is based on the principd that there is
safety in numbers and the whole is more important than the parts.

A flock of birds gives the appearance of a larger entity and dissuades attackers. If a flock or swarm
is attacked, the survivors can scatter and regroup at a sfe distance. This scattering can confuse
predators and prevent them from cgpturing more than one or two members of the flock.
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Thethree rules that implement flocking are:

1. Cohesion: Each boid shdl steer to move toward the average position of local flockmates.
2. Alignment: The boidswill dign to the direction their neighbours are travelling.
3. Separation: All boidsin the flock will maintain a separation distance from their shlings

The effect of these rules when implemented in multiple mobile agents is to cause flocking or
swarming. Removing or disabling one of the rules removes the gpparent cooperation between swarm
entities and makes flocking impossible.

The demonstration presented in this report involves some additiond features. There can be two
schools of boids that flock but reman diginct from each other. To add some redism to the
amulation, barriers can be introduced which the boids will avoid by flocking around or away from.

Initidly an exiding applet[2] was acquired that provided a useful structure for thistype of application.
The interface required a lot of work and the agorithm that was implemented was not very effective.
Assumptions were being made about being able to detect the speed of other boids. Thiscan be quite
difficulty.

In ardativdy smdl mobile robot it is difficult to implement a high qudity detection sysem. The most
common way to determine velocity isto numericaly differentiate the position. When there are smdl
errors in the postion estimation then the veocity figures can be quite mideading. The agorithm
presented below does not rey on velocity but does require the direction of neighbours to be
determined.

A possible solution would be to have beacons present on the front and rear of each robot. Once the
distance to the boid has been gpproximated then the direction of travel can be determined by the
angle between the two beacons and which oneiscloser.

The dgorithm that controls flocking calculates the desired direction of travel for each boid. There are
two sets of rules in this function, one for boids inrelation to sblings and another for barriers or boids
of another school.

The dgorithm runs as follows for each boid in the flock:

1. For each detectable neighbour or barrier

2. If that neighbour is a gbling (of the same colour) then the target point is aweighted average of
dignment and either attraction, or repulsion if the boid istoo close.

3. Elseif the neighbour is of another colour or a Barrier, the target point isin the opposite
direction to the other Bird or Barrier

4. When dl the detectable boids have been accounted for, take a weighted average of the
various target points.

5. Move towardsthis point.
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The results presented later in this chapter will show this agorithm in action. The following section
describes how the weghting factors were decided to give the most effective flocking behaviour.

A. Weighting Factors

The flocking is achieved through a form of vector addition. The various boids and obstacles in the
vidnity of a boid effect it in different ways. As shown below there are three types of effects
dignment, attraction and repulson.

Alignment and attraction are only present when two boids of the same colour are in close proximity.

Therepulson effect comesinto play when a boid approaches a barrier or another boid of a different
colour. Repulson aso takes place when boids of the same colour move too close to each other.

Alirnment .

Attraction

Repulzion

Figure 4: Vectors associated with the flocking agorithm

Usng weighted averages as a scheme for combining the effects of dl detectable boids alows usto
make different effects dominant under different conditions. For example, when two shlingsfirg detect
each other at the limit of the detection range, it ismore important for them to get closer to each other
than to dign directions. Smilarly when two boids are too close the most important component will be
repulson.

After much experimentation, the following vaues have been settled on. For gbling boids the dignment
component is weighted by a fixed vdue of 100 and the atraction/repulsion component is weighted

diztance £
W1=2|:||:| = [1_— IISTANCE]
if the boids are too close, or
s distance — minDISTANCE  \°
o= e | A DISTANCE — minDIS TANCE

if they are outsde the separation distance. The fallowing graph shows how the attraction/repulson
component will dominate when it is most important. In this diagram the detection distance has been
set to hdf the detection distance giving a symmetric parabolic curve as shown below.
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Relative Weighting vs Distance
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Figure 5: Rdative weghtings for boids due to sbling proximity

If the boids are moving rdatively fast then we may want to keep them closer together so that they do
not lose each other. This can be achieved by decreasing the separation distance from 60 in this case
to 30. The graph would then be skewed to the l€ft, the end points would be the same but the end of
the parabola would movelédt to lieat 30.

The mogt important festure of the Attraction curve above isthat there isthe stationary point at the
separation distance. In an earlier swarm mode the atraction/repulson curve was of constant
magnitude. This meant that when the boid was close to the separation distance it was propdled in
dternating directions. To ensure that the boid mation is smooth it was important to remove any
discontinuities and use a smooth curve.

The dominant effect in most cases isthat of dignment. The attraction component becomes as much
as double the weight when the boid is at the periphery of detection. Smilarly the repulson component
prevents the boids from becoming too close. The combination of these two components is scaed to
avector of length 100.

The figure below shows how the target point is determined for a Sngle neighbouring boid. The
scheme devised hereis such that when the boids are at the desired separation distance the attraction
component will be zero and the target point will be determined by the dignment component. In this
way the boids tend to dign neetly without too much changing of direction.

Resultant

TP ‘

Attraction
Alignment

Foure 6: Sum of atraction and dignment

In terms of energy methods we can imagine each pair of boids as being coupled by a linear soring.
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The parameter minDISTANCE represents the equilibrium pogition. When the distance between two
boids diverges from this vaue, there is an increesingly strong impulse agpplied to restore equilibrium.

The repulsion weighting for barriers and boids who are not shlings is weighted higher so that the
obstacle avoidance behaviour dominates in Stuations where flocking would result in collison with a
barrier. As mentioned above, the weighting of the components due to shling is 100. The weghting for
repulsion from other boids and barriersis

distance G

W 000 x| L e TS TANCE

Thisisagain best displayed graphicdly as shown below:

Relative Welghting vs Distance
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Figure 7: Rdative weighting for boids due to barriers

This graph shows that in most cases the effect of a barrier will be weighted much higher than the
previoudy described components. One drawback with this method is that in a very large group of
boi ds the dignment component ismultiplied by the number of neighbours detected. In the Smulation it
is thus possible for a group of ten or more boids to 'ignore a barrier placed in thar path.

As stated previoudy the system is solvable for a system with only two boids. When there is a flock
of n boids, however, there can be as many as.

Lin-1)

relationships. For a amdl group of five boids, each would be affected by up to ten forces. Thisis
another reason why to have a clear understanding of the flocking behaviour it was necessary to resort
to computer Imulation.

To summarise this section, there are a number of components affecting the direction of travel of each
boid. For sblings, there isa weighted average of attraction/repulsion and an dignment component.
The sum is scaled to a vector of length 100. For other boids and obstacles there is the repulsion
effect described above, weighted by up to 1000. The effects of dl boids and barriers in the
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immediate environment are averaged and the boid turned towards the resultant point.

B. The Swarm applet

The applet discussed in this section appears as shown in the illudtration below. This depiction is a
screen shot of the gpplet running on a the Macintosh Applet Runner. The appearance issmilar ingde
the Netscape browser and can aso be seen through the Applet Viewer which is available on the
ANU Department of Enginearing computer system.

In this figure the values displayed for Bird Speed, Bird Tuming and the two distance parameters are
the default vaues of the applet. To change the firg two vaues the user can use the arrow keys on the
keyboard. The distance parameters are modified by holding down shift while using the arrow keys.

;j —_———— SWﬂrm ———————————— E E
Bird Speed: 5
Bird Turning: 15
Minimur Mistance: 30
Mazximum Distance: 60 5 r
r
S r
P Tk
1 i
I ’»
'\. -~ .
\..,_____,-/ F
]
Blue * RFed # [ Reset ]
r
0 I T ) K1 S ol pause ]
fpplet Loaded |7//

Figure 8: The Swarm applet

In thisfigure above al the components of the Swarm applet are visble. The lower section contains a
control pand while the upper portion of the gpplet is a canvas used to display the animation. The
applet window can be resized by dragging the lower right corner.

The flock in this case conggts of agroup of five red boids, agroup of ten blue boids and the single
barrier object represented by concentric circles. The boids have separated themsdlves into two
schools according to colour.

To control the number of red or blue boids the user can use the scrollbars. Thiswill increase or
decrease the population by one. The Reset button will remove any barriers and restore the number
of boids to the default value. The Pause button hats the animation until it is pressed a second time.

In the following sections a number of test cases are displayed and explained in detall. It must be

emphasisad that the flocking behaviour is dynamic and not easily conveyed in printed form. Through
the project Internet Site or the software included with this report a better understanding of the
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behaviour can be gained.

C. Boid Parameters

Here we see how the maxTURN parameter directly effects the path taken by the boids. A single
boid is used and sent towards a barrier with different values of maxTURN. As expected the higher
the maximum turn vaue, the quicker the boid turns.

From the extreme of no turning, where the boids passes straight through the barrier, the angle turned
by the boid gradually increases and its closest approach to the barrier becomes greater. This
parameter can be used to determine whether different platforms are suitable for this type of control.

O0==—————swarm=——"—F[FI8

Bird Speed: 10

maxTURM =10

30 /"'7
75 i maxTurn=5%
20 15 10
Blue # Fed # [ Rezet ]
I
(J [} Dy [« Tl ol Continue |

fpplet Loaded i

Figure 9: Changing the boid parameters

The other parameters that would change the shape of these paths are: the boid speed and detection
distance. Increasing the speed makes control of the boid harder as it can move further during each
timestep. Increasing the detection radius would cause the boid to turn earlier and not come so close
to the barrier.

The speed parameter mentioned above is not necessaxily the physica speed of the boid. What this
represents isthe distance the boid will travel between each direction cdculation. This meansthat the
speed parameter could be decreased to represent an increase in processor speed. Smilar the tumning
parameter defines how far in degrees the boid isable to turn each timestep.

D. Alignment

Thefirs and perhaps the smplest way to demonstrate the flocking agorithm involves just two boids.
As shown in the figure bel ow, the two boids start in separate corners and move towards each other at
an angle. When the boids come within the detection range the flocking dgorithm says that they must
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dign thar direction of travd. It is clear from the picture that the find State has the boids moving in
pardld paths at the designated separation distance.

The smoothness of this trangtion is due to the design of the atraction/dignment weighting factors
discussed earlier. In an earlier modd the boid paths would tend to zig-zag before finding an

equilibrium pogtion.
I==="i————S\warm==—————HH
E]UE * EEIj E [ R ]
r
11 |ir§ [ ® I 1 E (i} [ b l Continue ]
Applet Loaded 7

Figure 10: Boid dignment

In the diagram below we see an andyss of different sections of the boids path. When they first
detect each other there isan attractive force bringing them together, and a force meking them dign.
The result of adding these two effects each timestep is the curved path seen above.

The boids approach urtil they are at or near to the equilibrium distance. Once they are at this
distance, there isno need for them to move with respect to each other so they take pardld paths and
would keep those paths inddfinitdly.

0= swarm———
alignrme nk l
_ b 2 P ——
atiraction alignmenkt minDISTAMCE
R v et
aliginment T

Figure 11: Hocking equilibrium
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In thissmple case it iseasy for the boids to reach an equilibrium. With a few more boids and barriers
the behaviour becomes chaotic and predicting the motion of the flock becomes impossible.

E. Flock obstacle avoidance

The case demonstrated here introduces a barrier to the previous example. Theboids start inidentica
positions as the above case but the barrier placed in ther path forces them to take evasve action. This
should demonstrate the way a flock avoids a stationary barrier.

As mentioned previoudy, the depiction of the barrier within the applet isused to display some of the
flocking parameters, namdy the separation distance and detection range. The separation distance,
indicated by the darker circle, shows the equilibrium distance sought by boids who are shlings.

The outer dircde indicates the range at which al boids can detect objects in thar environment. A
closer examination of this figure shows that the boids initidly start to turn when they come within this
distance of one another and then agan when they come within the outer crcle of the barrier.

When the boids reach the barrier, they do not separate as one might expect. The upper boid reaches
the outer drcle of the barrier dightly before the lower boid. The response of thefirg boid (boid 1) to
detecting the barrier isto turn upwards, away from the barrier. Once this occurs boid 2 isinduced to
turn for a number of reasons.

1. Alignment: The boid turns to match the dignment of its sbling,
2. Attraction: The boid is attracted to its sSbling as the distance between them increases,
3. Repulson: When the boid has turned a smal distance, the barrier is on the other sde.

The firg two points induce the lower boid to turn upwards. Thisis counteracted by the effect of the
barrier whichisto turn away (down). Due to the weighting scheme described previoudy, the overal
effect isto turn up. Once the turn isstarted, the barrier ison the other side so boid 2 turns hard | eft.
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Figure 12: Obstacle avoidance

The dignment effect is very important in implementing obstacle avoidance. When a large group of
boids approaches a barrier only the leading boids will come within detection range of the barrier.
Following boids will react to the movement of the leaders and turn early, without even detecting the
barrier. In this way a form a communication occurs between the boids. By reacting to thar
environment the leading boids change the environment of fallowing boids.

F. Avoidance between boids

The fdlowing picture shows three boids gpproaching from different directions. The boids coming
from the top and bottom of the canvas are of the same colour so they dign their direction of trave.
The boid coming from the right is a different colour and as such is repulsed from the other two and is
turned around. Boidsthat are sblings will dways moveto flock together unlessthere is an overriding
repulsve force due to a close barrier or boid of another colour.
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Figure 13: Avoidance between boids of different colours

Thefigure below shows in detall the forcesthat are acting on the three boids at a Sngle point intime,
The boid on the right is repulsed from the two other boids with the closer boid having the greater
effect. From the diagram it is clear that the resultant point will be to the right of this boid forcing it to
turn as shown above.
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Figure 14: Breakdown of avoidance behaviour

The distance between the two shlings is greater than the separation distance so they are attracted
and at the sametime dign tharr directions. The third force on these two boids isto move away from
the right-most boid.

As with a soring, if the boids approach the each other at too great a rate they can overshoot and
oscillate before finding equilibrium. The rounding of boid pogtions to integer vaues and the weighting
factors described in a previous section serve to damp these osdllaions and between two boids
equilibrium is quickly established.

V. Forming Lines

To illudrate the flexibility of this gpplication a variation on the flocking behaviour is demonstrated in
this chapter. The Forming Lines applet displayed here was created by changing only a smdl portion
or about 30 lines of the program code. In some respects this applet isless complex than the previous
modd. The rules can be related to three specific cases in addition to the obvious case which isto go
draght if there in nothing within detection range.

A lineis a two-dimensond object so in this application we need only consder a boid having two
neighbours. If there are more than two boids within detection distance then the two closest will be
most important. When each boid forms a line of three with its nearest two neighbours then the overal
effect isa continuous line of boids as shown below.
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Figure 15: Forming Lines applet

Theboid colour inthis applet isan indication of the rule that the boid isfalowing. A boid that can only
detect one neighbour is coloured blue and those with two or more neighbours display ared colour. In
the figure above the end boids should appear darker than those between them. A boid that has no
neighbours within its detection radius is coloured grey and will travel in a draght line

To dtart with it mugt be redlised that even when the line is formed there will be two different
behaviours exhibited. The boids at the end positions will be following dightly different rules to those
arrayed between them. What we want to avoid is boids swapping places ie. if the end boid moved
around it's neighbour it could conceivably displace it and move up a position intheline

A. Rulefor End Boids

The firg rule concerns the end boids. As they can only detect one neighbour then the best they can
do is maintain ther separation distance from that boid. Note that this only congrains ther motion to
the perimeter of acircle. Thetwo cases that invoke thisrule are shown below.

Figure 16: In-line attraction

In this case the boids are further apart than the separation distance. The dgorithm for forming lines
tdls each boid to move towards the other dong the line that joins them. It should be noted that
dthough the agorithm gives a point for the boid to move to, thisis not achieved immediatdy as the
boid mugt firg turn in the given direction. The act of turning tasks the boid away from the point at
which the origind caculation was made.
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This meansthat a boid may sometimes never reach any of the points specified to it by the dgorithm.
In controlling boids one must be aware of thisand that the overdl behaviour isa result of many smdl
steps. This demondtrates the divergence from classica control where a command is given and
completed before another issent.

Figure 17: In-line repulsion

The second case pictured above shows two boids that are too close (closer than the separation
distance). To stisfy the forming lines dgorithm they are told to move away from each other dong the
linethat joins them.

The combination of these two rules under most conditions will cause two boids to oscillate with
relation to each other trying to maintain the separation distance. In the first case the boids are told to
move towards each other but when they do itis likdy that they will overshoot as each is unaware of
the movement of the other. A weighting scheme smilar to the one used in flocking would damp this
oscillation.

B. Rulefor Inner Boids

When a boid can detect two neighbours then must move to form a line of three but where does it
want to be in this line? The boid has the choice of three positions, between the neighbouring boids or
a ether end. The different cases are shown below.

If the figure below the lower boid can detect two neighbouring boids. Ther average point is further
from it than the closer boid. The dgorithm says that this boid must move behind its closest neighbour
to form a line containing the further neighbour. The target point ismarked by a smdl circle. Thelarger
crclesin thisillugration represent the separation distance. In dl cases the boids seek to mantain this
distance.

Figure 18: Moving to then end of aline

In the case depicted inthe next figure the upper boid can detect two neighbours. Ther average point
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is closer than ether of the two boids so it moves to this point, again marked by a amdl circle. If the
other two boids can detect each other then they will follow the previous case and a line will form
even quicker.

Faoure 19: Moving into aline

These rules are quite powerful in practice as not only does the upper boid moveto form a linewhen
folowing this rule but the motion of the other two boids asssts in this endeavor. Rather than
uncooperative behaviour the usud difficulty is that the boids move too quickly and overshoot their
desired pogition intheline.

For more complex cases where a boid can detect a multitude of neighbours, it ignores dl but the
closest two and follows the above rule according to their postions. The case of not being able to
detect any boids is identicd to the previous dgorithm and the path taken is draight ahead.

Thisbehaviour isless demanding on the detection capability of the robots than the flocking agorithm
presented earlier. For flocking it was necessary to detect the postion and direction of trave of
neighbouring boids. The forming lines dgorithm only needs to be able to detect their positions. This
dgorithm may serve as a fdlback position should the detection of direction prove infeesble.

V1. Discussion of Source Code

A brief study of exiding resources showed that by far the preferred mode of research was through
swarm animation, typicaly udng the Java&#129; language. Because of exising experience in
programming the choice was made to customise a Java& #129; application as a base for sudying
vaious swvarm models. A lig of related Stes on the Internet has been included in this report as

Appendix 1.

The advantage of Java&#129; as a programming language is its object orientated approach and
ability to execute on different platforms without separate compilation. The progress and results of this
project have been presenting on the Internet with some positive response. The use of this dectronic
medium means that the applets presented are avalable to anyone with Internet access.

The exiging resources are primarily demondrations with only a brief andyss if any of the
performance. The decison to create a new application was amed at obtaning a complete
understanding of the process. The gpplications created have been continuoudy updated throughout
the project and will now perform exceedingly wel as aresearch toal.

This section will discuss in detall the functiond sections of the Java&#129; code. An applet can
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consgst of anumber of 'class files which represent modular components of the code and are idedly
independent of each other. It ispossble therefore to replace a class file with a different verson of the
same name and execute the applet with no need for recompilation.

The man area of study has been the svarming or flocking behaviour that was demongtrated in a
previous chapter. The code is quite short, comprisng approximately 10 pages in total (included as
Appendix_2 and on disc in text format). It isbroken into a number of distinct classes for ease of
modification. The diagram below shows the rdaionship between the various classes that form the

Swarm applet:
Swarm Applet
Eird class
] swarmanvas clasa
-
‘ L Flock class
Barrder class h "
Hwrarm class
gwarmPanel class
"

Figure 20: Components of the Swarm applet

A. Swarm.class

Thisclass isrespongble for setting up and initidising the applet appearance and contents. The Swarm
class aso implements the Runnable interface which means that it creates and controls the animation
thread.

The operation of thisclassrunsas fallows

1. Create swvarmCanvas and swarmPanel objects, adding them to the applet.
2. Start the thread and pass the boundary valuesto the Bird class.
3. Respond to key press and events passed from the control pand (below).

The Swarm class contains the initid conditions of the applet. The constants defined here are
NUMBLUE, NUMRED and MAXPOP for Bird populationss SPEED and TURN for Bird
movement parameters, MINDIST and MAXDIST for Bird separation and detection distances

respectively.

B. swarmPanel.class
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The swarmPand class contains only one method, designed to initidise and implement a set of
controls. The controls appear inthe lower portion of the gpplet and indude diders that alow the user
to change the boid populations, and buttons that pause and reset the animation.

C. swarmCanvas.class

This class controls the appearance of the upper portion of the applet where the animation takes
place. The animation flicker has been removed through double buffered graphics. This means that
each new frameisfirs drawn off screen and brought to the front seamlesdy. There is a dight cost in
animation speed but thisis outweighed by the improved appearance.

The paint method firg blanks the screen with a white background each timestep. A more advanced
version could make use of dipping regions to only update areas that have changed but the complexity
of thiswould detract from the purpose of the applet.

This method adso draws the Bird parameters, these appear in black at the upper left corner of the
applet. The parameters change in response to key inputs as described previoudy. The painting of the
flock dementsisachieved through a cdl to the Flock.display method.

The only other method of the swarmCanvas class dlows the user to add a Barrier to the
swvarmCanvas via a mouse click. To make the implementation of Barriers more redidic the code
adds duplicate Barriers outside the region of the canvas to produce a wrap-around effect when they
are placed at the perimeter.

D. Flock.class

This is perhaps the most important section of the code as it implements the flocking agorithm and
coordinates the Bird objects. In addition to condruction, this class includes methods for adding,
removing, displaying and directing Birds in the flock.

Theflock isimplemented as a Vector. This object type is appropriate because it dlows objects to be
added and removed in any order and is not limited in size. The addBird method smply extends the
Vector vBirds by one dement of the specified colour. To remove a Bird we have to firs locate one
of the specified colour and then remove it from the Vector.

An important note here is that the removeBird and move methods of the synchronized type. This
meansthat they cannot both act on theflock at the sametime. Without this specified the removeBird
function can remove a Bird in the middle of a move operation.

Smilar to the swarmCanvas class the display method of the Flock class makes use of the
Bird.display method for each member of the flock. The move method takes the same approach but
the Fock class mug fird generate a direction for each Bird to seer towards.

The object oriented nature of thislanguage means that the Flock class need not know how the Bird

moves, only that it has to pass a vaue between 0 and 360 degrees. This vaue is determined in the
generalHeading function which, for each boid inthe flock, applies a Imple dgorithm to come up with
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the preferred direction.
The flocking dgorithm is the most complex section of the code and will be described in a separate

section. For each of the gpplets presented in thisreport, it isthe generalHeading function that changes
the behaviour of the boids.

E. Bird.class

The Bird class has a number of datic variables, arenaWIDTH, arenaHEIGHT, maxSPEED and
maxTURN, these are common to dl Birds. The Birds dl have four individud properties, these define
the position (X, ), direction (B) and colour of the Bird.

Thisfigure shows how the Bird parameters are defined. The x- and y- coordinates are taken from the
top left corner of the applet. The angle property is measured in a counter-clockwise direction from
the horizontd, as shown. The colour property isobvioudy rendered graphicaly.

O

Swarm

T
Bird Speed: 5 ! Bircd. i
Bird Turning: 15
Minimum Distance: 30
Maximum Distance: 60

Bird.iTheta

Bird.iv

Figure 21: Propearties of the Bird class

As described in the preceding section, the Bird.move function takes an angle as its only parameter.
When this method is cdled the Bird decides which direction to turn and changes its direction to the
given angle to the extent that thisis possible under the maxTURN condition.

The remaining methods in the Bird class are used to extract parameters invalving the individud Birds
and set the limits of the animation.

F. Barrier.class

TheBarrier class isan extenson of the Bird class and as such inherits dl the properties of that class
and a Barrier object can aso be referred to as a Bird. The changes from Bird are that we overwrite
the constructor, move method and display method.

This means that a barrier is essentidly treated as a stationary Bird. Because the barrier colour is
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black, it repulses dl boids that come within the detection range.

All code described in this chapter has been written under Java& #129; verson 1.02. The most recent
verson avaladleis verson 1.1.4 which makes some sgnificant changesto the event modd. The first
step for anyone wanting to work further with the code should be to adopt the new specifications.

VII. Discussion

Thelimitations of the Swarm applet are that the boids are modeed as point eements. In other words
they have no physicd sze and so cannot obstruct each other. The flocking area is not redly redigtic
as the boids can move off one edge and ‘wrap around, coming in the opposite Sde.

Unfortunatdly, the mechanics flocking dgorithm does not carry across the boundaries of the applet.
Thismeans that members of the flock can be logt temporarily when they cross these boundaries. This
could be corrected by repdling boids from the boundary or enhancing the code to alow flocking
across boundaries.

When usng the Applet Viewer or Applet Runner the window can be resized which gives more room
for the dgorithm to work. Insde a web browser the Sze of the applet can be redtrictive - particularly
for the Forming Lines applet. The primary god of thisreport isto provide guidance for the creation
and programming of real maobile robots. The tools provided with this report will hopefully prove
ussful inthe creation of such robots.

Some conditions that have not been modelled so far indlude: variaionsin speed and direction due to
uneven terrain, boids that can change speed and callisons when boids come too close. Some kind of
subsumptive control would be useful in dedling with the occasional collison. Subsumption meansthat
the boid can temporarily change its behaviour in response to an event.

The most wdl known robots that use subsumption architecture are the insect-like robots designed by
Rodney Brooks. Genghisis a cockroach-like robot the sze of afootbdl, built by Rodney Brooks ar
the MIT. The Genghis robot has dx legs and implements locdised control for each of them.

The subsumption architecture divides the control architecture into task achieving modules or
behaviours. Each layer forms a complete behaviour able to control the robot. The idea is that the
robot startsin alow-level behaviour and when appropriate moves to a higher levd. For example, the
fird behaviour might be to stand dill and test the detection system, the second would be to begin
moving and the third would be to interact with the environment.

When something goes wrong or a robot gets stuck it can move back to alower leve of behaviour to
correct the problem. Thiscould be gpplied to the flocking dgorithm as follows. When the boid comes
too close to a neighbour or barrier it could temporarily hdve it's speed or go into a more detailed
avoidance mode. This behaviour would be completely independent of the normal flocking behaviour.
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VIII. Conclusions

A number of behaviours have been described in this report. Each of the above applets presents a
complex behaviour generated by a ample dgorithm. The firg behaviour demonstrated was flocking.
The separation property of the flocking dgorithm is essentid for contralling large groups of mobile
robots and preventing collisons. The coheson and dignment properties serve to coordinate
movements in such a way that the boids remain in contact with each other and trave in the same
generd direction.

The cost saving from having many homogeneous robots could be sgnificant making such technology
more prevadent in the future. Potential gpplications are both sdentific and military. The concept of
multiple mobile robots can be used for traffic or flow control, foraging and cooperative manipulation.

Treffic control could include both ar and road treffic. A collison avoidance system inevery car isa
basic implementation of parts of the flocking dgorithm. If cars are dso programmed to mantain the
veocity (direction and speed) of ther neighbours then that is essentidly flocking.

The gpplication of foraging could involve search and rescue teams at disaster Stes either above or
below ground. Another use could be to collect hazardous materids after a il or other accident. In
the Mars Pathfinder this year we have seen a vehide that, if produced in numbers, could be used to
more effectivdy explore digant planets.

The tools and information contained in this report should serve as a solid base for future research in
thisarea.
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Appendix 2: Source Code

The attached pages contain the following four files:

Swarm.java (containing aso the swvarmPanel and svarmCanvas classes)

Flock.java
Birdjava
Barier.java

The correct method for embedding this applet in an html document is:

<APPLET code="Swarni wi dt h="400" hei ght="250">
<PARAM name="nunr ed" val ue="5">

<PARAM nane="nunbl ue" val ue="5">

<PARAM name="speed" val ue="5.0">

<PARAM nane="turn" val ue="30">

<PARAM name="m n" val ue="45">

<PARAM name="max" val ue="60">

</ APPLET>

The parameters are optiona and default values will be inserted if required. The firg two parameters
control theflock populations, the next two control the boids movement and the last two the separation
and detection radii respectively. This is a useful way to change the behaviour without having to
recompile the appl et.

The code is documented and should be relatively easy to follow for someone with experience in 'C'

or Java&#129;. A hard copy is provided here for the flocking dgorithm only, because the other
goplications are essentidly identical. For example the Forming Lines applet only changes one method
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inthe Flock class and removes the Barrier class. All of the applets are attached on floppy disc.

© Duncan Crombie, 1997
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