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Abstract

A short summary of previous work in autonomous lawnmowers and self-driving
tractors is preseried. None of the existing solutions provide adequate performanceat
clearing lawns; they take too long, drive too far, and do not clear the lawn very e ec-
tively. A new solution is proposed,basedon the Behaviour Basedapproac to robotics
dewvelopedat MIT. By permitting the simulated robot to wanderrandomly, then adding
behaviours for goal selection, goal seeking,and obstacle marking, a lawnmower which
is both e cien t and e ectiv e can be created. Sewral performance enhancemets to
the basic designare described. The conclusionis that the new system should perform
quite well; to work out the details, it should be implemented on a physical robot.
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1 Intro duction

This project was undertaken to determine the feasibility of deweloping an intelligent au-
tonomouslawnmower. Proof of the succesof the technique described is provided by com-
puter simulation.

1.1 Previous Work

A number of autonomouslawnmowers exist or are being deweloped. The most visible is
Friendly Robotics' RL500 Robomow, which is currerntly beingsold at HomeHardware stores
in Canada. A photograph of the lawnmower is shown in Figure 1.

Figure 1: Friendly Robotics' RL500 Robomow

The Robomow requiresa wire to be enbeddedin the ervironment, indicating the border
of the property. It then drivesrandomly within the property, turning whene\er it encourers
an obstacle(or the boundary wire).

Performanceof the Robomoaw is not excellen. \Mid-job, the lawn is not a pretty sigh.
Instead, there are uncut stripes of lawn that may resenble a crop of Mohawk haircuts....
The perimeter of the lawn often needstrimming after the mower has doneits work."[1]

MUX Elektronik in Sweden has created instructions and a kit for a \do it yourself"
robot lawnmower usingo the shelfcomponerts[2]. Their robot, like the Robomow, wanders
randomly, and can be expectedto perform about as poorly.

A large number of self driving prototypes have been deweloped for agricultural use[3].
The University of lllinois and John Deerehave deweloped a selfdriving tractor[4], which can
follow a speci ed path in the eld, and changetasksdynamically dependingon its location[5].
The systemmust be told what route to follow, but can follow the route with high precision.

1.2 Problem De nition

The lawnmower is required to mow lawns. To do this, it must crossewery point in a plane
and avoid collisions with obstacles. The mower will not sell well if it performs as poorly



as the existing commercial products described in Subsectionl1.1. It should avoid crossing
points repeatedly to avoid wasting time, and drive in neat rows to ensurethe lawn looks
good throughout the run. It shouldalsobe fully autonomous;this meansit must not require
the userto give it a detailed path to follow, it must work it out on its own.

Due to heary competition in the extremely low end market, the product should be tar-
getedat mid range buyers, especially mowing companiesand golf courses.

The robot should be able to operate without being provided any information about the
layout of the ervironmert. Introducedto a newlocation, it must be ableto function properly
immediately.

2 Design Approac h

2.1 Environmen t

To dewelop the cortrol structure and prove that the implemertation of the robot is sound,
it iIs necessaryto demonstrate a working model. Thankfully, it is possibleto use a robot
simulator instead of building a real physical robot. The simulator usedin this project is
Rossum'sPlayhouse[6, a free software! robot simulator written in Sun's Java programming
language.

For most of the testing, the map shawvn in Figure 2 was used. It is more di cult than
most normal properties, soif the robot can work successfullyin this ervironment it should
work in most other cases.

Figure 2: Testmap

The \H" indicatesthe starting position of the robot. The other structures are obstacles:
walls, trees, and anything elsethat should not be cut by the mower.

“\When we speak of free software, we are referring to freedom, not price."[7]

2



2.2 General Metho dology

The behaviour basedapproad to robotics[8, deweloped by Rodney Brooks at MIT, has
proven itself to be extremely successfufor mobile robotics.

2.2.1 Behaviour Based Rob otics

In the behaviour baseddesignphilosoply, the SubsumptionArchitecture permits a handful of
very simple behaviours to guidethe robot. Thesebeharviours link sensoryinputs to outputs,
using no more processinghan simple nite-state madines,augmeried with timing elemerts
[9]. Behaviours can\subsume" other behaviours, ie they can modify their inputs or override
their outputs.

The architecture comprisesa parallel implemertation, with motor commandscloselytied
to sensorsignals. The generalform is shavn in Figure 3.

reasonabout behaviour of objects
plan changesto the world
identify objects
monitor changes
build maps
explore
wander
avoid objects

I actuators

sensord

Figure 3: Generalform of Behaviour Basedrobots

2.3 Structure

The program which cortrols the robot is behaviour based,soit is formed of a set of layers.
The lowestlevel behaviour is an active bumper system,which can detect whenthe robot has
collided with an obstacleand move to becomeunstud. The secondlowest level behaviour
usesrangesensorgo determinehow far away the wall is. Clearly, lower level behaviours tend
to have higher priority | the robot cannot be expectedto navigate or even avoid obstacles
whenit is actually in cortact with something.

To permit the robot to keep track of whereit has mowed, it must have a means of
determining its position in space.Onceit knowsits position, a simpletwo dimensionalarray
of squaretiles can be usedto indicate which areasof the lawn have beencleared.

Seeral implemertations of position measuremen could be used. The simplestis to use
the Global Positioning System, which due to the end of Selective Availability can provide
10 m resolution very inexpensiwely. An improved system,di erential GPS[10],yields 0.10m
resolution[1]. A \base station” GPS receiwer is required, which provides the robot with a
di erential correction signal. The basestation must be within 100 km of the robot. Many
areas,especially near seaports, have publicly accessiblelGPS basestations (in the US, at
least, they are provided by the Coast Guard). One basestation can sere any number of
receiwers.



Another method of determininglocation in spaceis to usea number of radio transmitters,
and comparethe time dierence between pairs of signals. Each pair de nes uniquely a
hyperbola, so two pairs can uniquely determine the current point. This method has the
drawbad of requiring seweral radio transmitters for ead robot. In addition, changesin the
speedof light in air, due to changesin temperature, pressure,or humidity, will causesome
positioning errors.

2.4 Performance Measuremen t

To make a good decisionof what behaviours to use,there must be a measureof the quality
of particular behaviour sets. A good set of behaviours will meet se\eral criteria:

1. Time must be minimisedto permit the greatestnumber of propertiesto be coveredin
a short time.

2. Distance travelled should also be as short as possible,sincedriving around will drain
the battery excessiely.

3. The robot shoulddrive in a mannerthat is pleasingto human obseners;it should not
leave unsightly tufts of uncut grassduring the cutting, but even more importantly the
nished result must be awless.

3 Behaviours

3.1 Naeve Solution

It iscommonfor behaviour basedrobots to be deweloped\from the groundup,” ie by building
and testing the lowest level behaviours rst, then adding increasinglyhigh level behaviours
oneat atime. As eat behaviour is addedthe systemis tested, soit must give at leastbasic
performancethroughout the dewelopmen.

As a result of this dewelopmen technique, it is possibleto examine performanceof the
systemwithout all the behaviours running. With all behaviours except collision avoidance
disabled,the systembecomedderntical to the existing commercialautonomouslawnmowers
described in Subsectionl.1. How did it perform on the standard map?

Figure 4 showns the path followed by the robot after running for seweral hours. Signi cant
blocks in the south-west quadrart remain uncut, while other regionshave beencut dozens
of times. Clearly sudh a random pattern is not acceptable.

3.2 Higher Level Behaviours

To improve performance,a set of higher level behaviours was created. One behaviour selects
a\goal," that is, a tile which the robot wishesto visit next, and selectsanother goal if the
current goalis reaed or appearsto be unreadable. The secondbehaviour drivestowards
the goal. A third behaviour detectswhen the goal appearsto be in spaceoccupiedby an
obstacle,and marks the obstacleon the map.
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Figure 4: Result with all high level behaviours disabled

3.2.1 Goal Selection

The robot must chooseas a goal a \conveniert” tile. What does\conveniert" meanin this
context? A good cornveniencescoreshould be given to tiles which are easyto drive to and
near many already cut tiles. Tiles which are easyto drive to are thosewhich are closeto the
current position of the robot, straight ahead,and not separatedfrom the robot by obstacles.

3.2.2 Goal Seeking

To seehow the system system performs, a very simple goal seekingbehaviour was added.
This behaviour tries to drive to the current goaltile, by turning in the direction of the goal
and driving forward. If an obstacleis encounered, lower level behaviours ensurethat the
robot drives around the obstacle; oncethe robot is again \in the clear" the goal seeking
behaviour takesover again.

3.2.3 Obstacle Marking

It must be possiblefor the robot to give up on a tile, otherwiseif it had selectedasa goal a
tile which overlapped an obstacle,it would newer be able to read it, and would be stuck.

3.2.4 Performance

Even with very simple behaviours for goal selection,goal seeking,and obstaclemarking, a
dramatic improvemert was seen,as shown in Figure 5. This wasthe rst trial run with the
new behaviours.

Note that the robot only courts crossinga tile when the certre of the robot eners the
tile. Sothere would not actually be a swath of uncut grassaround the edge.



Figure 5: Result with non-optimisedhigh level behaviours

3.3 Performance Enhancemen ts

Although the addition of higher level behaviours increasedperformancegreatly, \t weaking"
the behaviours slightly cortinuedto improve performance.

3.3.1 Wall Following

The rst behaviour modi cation wasto make the robot tend to drive along walls, by mod-
ifying the collision avoidance behaviour to considernot only distance but also changein
distance. This saved time while driving around the perimeter of the property.

3.3.2 Block Filling

The obstaclemarking behaviour was modi ed to detect when the tile being markedis in a
region fully surroundedby obstacles,and mark the ertire areaas an obstacle. This could
happen, for example,if the robot had detectedall the tiles surroundinga house. By marking
the entire areaasa block it doesnot needto chedk ewery point in the houseindividually.

3.3.3 Memory

A third behaviour modi cation, but alsothe simplest and most e ective, was to store the
position of the obstaclesfrom run to run. This way, the robot already knows wherethe bulk
of the obstaclesare, and needonly deal with dynamic obstacles.

One problem with this initially was that sometiles would incorrectly be labelled as
obstacles,sothe areawould become\spedled” with false obstacles.Quite a large amourt
of spedling is visible in Figure 5. The solution wasto detectand remove thesefalseobstacles
betweenruns. Becausehe majority of the falseobstacleswvereonly onetile wide, they could



be removed by repeatedly removing all obstacletiles with three or more adjacert cut tiles
until no sud tiles remained.

With the memory behaviour addition, averagerun length decreasefrom 259 m to 212
m, saving 18%. As shown in Figure 6, considerablescatter is still presen due to the poor
goal seekingbehaviour.
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Figure 6: Run lengths with and without memory

4 Recommendations

The simulator demonstratesthat using a behaviour basedapproad can give excellen per-
formanceat cutting the grassin an unmapped environment, and that building an obstacle
map can improve performance.What is the next step?

The three high level behariours could certainly be improved. Most importantly, choosing
goals which are not on the other side of obstacleswould be helpful. On a related note,
improving the ability of the robot to drive towards goals,even going asfar asbeing able to
solve mazeswould be helpful. This could beimplemerted usingan optimal sear@ algorithm
sud asA?, described in many Al textb ooks[13.

The edgesstill have a tendencyto be somewhatragged. A specialbehaviour to trace the
border might be a good idea.

Whatever improvemeris are done, due to di erences betweenreality and the simulator,
further work should be tested on a real robot. Due to the long time required betweenruns
(to permit the grassto grow) having programsable to run on both the real robot and the
simulator would be helpful; the simulator will work with programswritten in Java, but C
and C++ are alsosupported.

To get a reliable, working robotic lawnmower that can be modi ed, the best choice is
probably to buy a commercialrobotic lawnmower and modify it. It should be fairly easyto
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reverse-engineethe interface to the sensorsand motors, and to then build a replacemen
that can be connectedto an embedded computer. The robot would require a di erential
GPS setup for determining location; if bi-directional connectivity, sud as a radio modem,
were usedto transmit the dGPS correction signal, it could also be usedto log information
to a basecomputer.
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