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Abstract

Today industrial lawn mowing is a very time consuming procelsih involves hard manual
labourbecause it has to be done by hand using a brush cutteeriRlgca remote controlled

lawn mower was introduced the SPIDERand this made lawn mowirgpmewhateasier.

This report takes it one step further and investigates if it is possible to automate the mowing
procesgnaking the remote controlled lawnmower mian autonomous robotif this can be
achieved, largegreenareas could be cleared in less time, at a lowestcdhe general idea is
that arobot lawnmoweris instructed in the extents & fieldby means of a GPS. The route
planning software willien calculate &oute that ensures that the field will be cleared in its

entirety. Finally the robot will follow this route autonomously.

The solution presented in this report differs significantly from already existing solutions in two
key points:
1. It offers a measurablmowing of the field
2. Itis not required thathe field is marked with any external equipmenike a wire
around the edge of the field
The outcome of this project is a portable software applicaja@apable of making a robot
clear agreen area. kErthermore, a report describing in theory and showing through field tests,

how the robot should clear the field and how it actually cleared the field.

! http://www.spidermower.com
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Danish Summary

Industriel graesslaning er en meget tidskreevende proces. Det skyldes primeert, at det skal gares
manuelt med en buskrydder. Fornyelitgv en fiernstyret pleeneklippantroduceretc

SPIDERog det gjorde graessléning meget lettere.

Denne rapport tager det etkridt videre og undersgger hvor vidt det er muligt at automatisere
graesslaningsprocesserd at ombygge den fiernstyregeeeneklippetil en autonom robot. |

fald detteer muligt vil det betyde, at st@rre graesomrader kan slas pa mindre tid og med lavere
omkostninger. Ideen er, at robotten ved hjeelp af GPS bliver instrueret i den pageeldende
marks udstreekning. Herefter vil ruteplanlaegningssoftware beregne en rute der sikrer, at hele

marken bliver slaet. Til sidst vil robotten falge denne rute autonomt.

Lasingen som praesenteres i denne rapport adskiller sig markant fra eksisterende lgsninger pa

to ngglepunkter:

1. Den giver en malbar slaning af marken
2. Det er ikke et krav at omradet der skal slas skal markeres med eksternt gastyr
f.eks. en ledning der liggemgs kanten pa marken.
Resultatet af dette projekt er en portabel software applikation som er i stand til at fa en robot
sla et greesomrade. Derudover en rapport der teotebgskriver og igennem praktistest

viser, lvordan robotten burde sla marken og hvordan den rent faktisk slog marken.

2 http://www.spidermower.com
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Reading Guide

The report consists & mainparts; one that covers the route planning algorithms, one that
covers the simulation of the algorithms, and finally one that covers the field tests.

The route planning part looks into 3 different algorithraarting with a very simple and easily
implementable one, suitable for rectangular fields. From here it moves on to two, more
advanced algorithms that can cope with fields of arbitrary shapes.

The simulatiorcoversthe simulationof the algorithmsn a corrolled environmentand the

field test part covershe field tests of the algorithmis an actualfield; in both cases

demonstrating where they succeed and where they fail.
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Abbreviations

A -
GGG

GNU-
GPS

RTK GPS
SAGA
SARPA
SIMPLE
SPIDER
UTM-

A method for calculating the fastest route between two positions.
Go to GPS coordinate

Indicates open source software

Global Positioning System

Real Time Kinematics GPS& very accurate GPS

Semiautomatic trimming of Green Areas

SemiAdvanced route planning algorithm

SimpleRoute Ranning algorithm

A remote controlled 4WD mower (www.spidermower.com)
Universal Transverse Mercat@oprdinate system
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1.1 Introduction

Machines have many advantages over humans: They are, among other things faster, stronger
and more much morenduring Other than that their abilityto operate in hazardous
environments and to perform tedious tasks for extensive amounts of tmmkesthem a

brilliant solution when the inadequacy of human capacity appears. The-&eaomatic

trimming of GreerAreasproject [SAGAtilizesexactly this

So far there has been no real study mapping the need for these autonomous machines, but a
recent surveyrevealed that the combined budget for maintaining green areas for all counties
in Denmark is 1.300 millionkX. &cording to thesurvey roughly halof thisis used for

mowing and hedge trimmind.hismeansthat there’s a market with a savings potentiil

about 500 millionrDKK

When atechnicianfrom the local authorities cleagreenareas today,
be it a baffle or something similar, it is done with a brush cufber
seen inFigurel); which involves hard, manual and time consuming

labour.

Today, solutions thaty to solve he Figure1: How cutting it

problem exist, in théorm of remote done today

controlled lawrmowers(like the SPIDERas seen orfrigure2).

With the SPIDER, the local authoti#ghniciancan clear an area

usingroughly 1/8of the time normally used on a giveieenarea.

Figure2: The SPIDER; a
remote-controlled mower

with such a scarcity of manpower.

This is quite an improvement in itself, but especially in these times

There is however, still room for improvement by turning the mowe s
into a robot; making it autonomous and thdrgcapable of freeing
up even more manpower and resources (like the Horfilacds seen

on Figure3).

Figure3: The Hortibot; ai
autonomous robo

3 http://www.robocluster.dk/nyheder/robonews/20071102 plantnursingrobotics
*For details on the SPIDER bie://www.spidermower.com

5 http://www.robocluster.dk/nyheder/robonews/20071102 plantnursingrobotics
® For details on the Hortibot setdtp://www.hortibot.dk

Introduction- Introduction 13
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1.2 Vision

To automatethe process of trimmingreenareas as muchaspossible.

It is the goal of this project to minimize the time and manpower that is spent on trimming
greenareas. It should be possible for the operateven unskilled one#y only show the robot
the boundariesof the area to be trimmed antiereafter, the robot should ke able to

autonomously mow th@utlined areg leaving the operator to only supervise it®gress.

1.3 Hypothesis
It is possible to design and implement an algorithm that enables a robot toasmnatically

trim at least 95% of a flajreenarea of anyshapeusing @ RTK GPS system.

1.4 Aim

To enable a robot to trim flagreenareas of any predefined shape.

1.5 Objectives
1 A routeplanningalgorithm which enables the robot to clear a flat and square area
(primary objective)
1 Extended algorithm allowing the green area to be of arbitrary size and shstileflat
(secondary objectw)
1 Atool for simulating and testing the algorithms
1 A report documenting the entire systernmcluding:
o agorithms
0 simulations
o field tests
1 With regard to testing
o0 Test that the robot clears the defined area with a minimofh®5% of the total

area cut

1.6 Delimitations
1 The robot will not be able to clegreenareas if there is no GPS signal

f The test platform will be the Hortibat

" www.hortibot.dk

Introduction- Delimitations 14
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2 The RoutePlanning
Algorithm
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2.1 Introduction
It is the job of theroute planningalgorithmto plan a route

througha given area. a

To do this there are several things that mbstdefinedand

hence explained for it to be meaningful.

The general idedhis project builds on, is to let the operator o (=2} .
the robot outline the arealtat is to be mowed. In this project, }’ |

this is done by first driving the robot around therimeterof .

the area, recording the shag€igure4 a). How this is done is b
eELX  AYSR AY MeBinga @Oy DK
been recorded a routéhat covers the entire arewill be
planned(Figured b). There ae many considerations to take
into account when doing thiand certainly many waof doing
it. Twosolutionswere choserwhich are discussed in the

a4 S O Simpfedoutd planning algorithéin | $eRi & /N

advanced route planning algoritdim®moresophisticated Figure4: Mapping the field
route planning algorithnis also discussebly (1 K S & S@iitdulrolte QlanfifgS R &
algorithmé = 6 dzii (i Ksdopeof theziroje@ahdwill r/ be used for comparison

The twoalgorithms choseiboth rely on a griecbased map. What this isand howit isused, is
SELX FAYSR YR RA&OdMapESIR Ay (KS asSdirazy OFffSR
Another commonality between the twalgorithmsis thefunctionO | { GERRGP&
0O 2 2 NR Awfith is $héunctionthat enablesthe robot to drive from one position to
another.¢ KAad GKSNBT2NB | f a2 Gdd GPsdoididate2d®y aASOGA2Yy X
Thecoverage patternand algorithms discussed in this report are all engineered with
inspiration from things one meets every dajrom the pattern used when harvesting huge
crop fieldsto the Zambonf when it resurfaces an ice ringvento the pattern used by Mr.
Jensen when he mows his lavilthe common denominator for all patteriqgncluding the
ones used in this projectis that at least one of the following statements apply:
1. They ae adapted to maximize efficiency

2. They are adapted teinimize time consumption
3. They are adapted to fit any mechanical limitations the respective machine might have.

8 http://en.wikipedia.org/wiki/Zamboni

The RoutePlanning Algorithm Introduction 16
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DENMARK

Aplatform has already been developed for eliminating much of the manual (asrkotedin
the general introduction on paggs), but it is still a hands on approach, requiring user input at
all times. The software platformedeloped for this projeatvhichextends this previous

platform, is documentd in Enclosure 1: Software Description

2.2 Objective

Aroute planning algorithm which is capable of making the robot clegeanareaof a
rectangular shape

Furthermore either improvethis algorithm or crate an entirely new one to handle the case of

arbitrary field shapes.

2.3 Mapping
The purpose of the mapping algorithm is to record the route tiaekby therobot (Figured

a), while taking into account the inaccuracy of {hesitioning systenfa GPS receiver)
To record the shapef the field, an approach using vector math was chosen

It is desirable to record only the information that is needed
reconstruct the route taken and natveryposition given by the

GPS receiver.

While the robot is driving, a continuous stream of chan@iiRfs

positions will be generatednd from these a driving direction

can be determined.

This is illustrated iffigure52 g KSNB W! Q A& 2 NRSR
LRaAidAz2y YR W.Q A& GKS asSo: A Ko

If the robot continues in the same direction, it will end up at Figures: Vectors from GPS

L2 aAlA2y W QF K28SOSNI AT AG 0 IBOGARY

LRAAGAZ2Y W5Q0
From these positions, which cée looked at like points, the following vectors can be formed
006 and60 or6'O, depending on the direction.
Usingve@ NJ YI GKSYI G§AOa ¢ R2 (0ILONPIR de@iiSO 511 KASG Qay 258 & A ©
00):
w wr, 00 60

—= @ wi POHOs

Ifthe angleé A &c YRIIEGE dzZRAY I G BIS{ LREAOA &N @ia®a & K 2 dzf R

position on thetravelled routeof the robot.

The RoutePlanning Algorithra Mapping 17
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The problem however, is that the GPS is not e
completely accurate, so some meassiteave to -
be takeninto account.

The first measure is to increase thistance
between the GPS positions. This decreases th

impact of the GPS inaccuracy, but also

introduces a delay into the system. A

Figure6: Soft curve problem

¢tKS aSO2yR YSI adzNB A ) S ¢ 0z
deviate slightly from 0, without being recorded as a position on the travedlate. This
AYUNRRdAzOS&a | ySg LINRoOoftSY K29SOSNE 0SOldzasS | a
degreedeviance would not be recorded eithekn example of this can be seerFigure6,

GKSNBE * A& +Ffglea dzyREpddngd&ts 6ol dnd BtenBRHRE OA | y OS S
00.

The solution is to always compare the latest recorded vectorplkéo 66 and afterward 6

to 0°0.

SeeEnclosure 2 Mappingalgorithm descriptiorfor details

Depending on the size of the area that is to be moweelyéiry GP$ositionlogged vere to be
saved a largeamount of positionsvould end up beingtored’, compared tchaving filtered

out unneeded positionsA perfect square of any size could require as little as 4 saved
positions, while unfilteredavingof positions wouldstore 5 positions for every second driven.

This is illustrated ifrigure? for an 8 second drive (2 seconds are spent on driving each way).

+H+t 44+

+
+
+
+
+
+
+
+
+

L= - = ]
+

(=T I - - )

++++++++++

S SRR R R

2 4 6 8 10 0 2 4 6 8 10

urfitered gps + filtered gE +

Figure7: Mapping: Saving positions. left: unfiltered, rightiltered

Comparing the previous position to tlarrentone could solve some of the problenfghe
GFS receiver was totally accuratdowever this would sill generate a lot of positions and only

filter the positions that werdhe same.

®the GPS receiver on the robot updates at 5Hz
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A solution where it would be possible only to record a heading and a length would be
preferable. Using vectors this was achievable, so it was decided to use this approach, or to be

exact, to filter the input using this approach.

There are two optionither filter the positionsas the robot is mapping the perimeter save

many morepositions, and filtethem afterwards

As stated, ae of thebiggest problems is that the GPS receigarat a totally accurate device

and as such the positiahreturns, might differ Plot ofco= 90 cos 1 M?i_wz
slightly each time. This depends on the make an

model of the actual receiveA plot using an :Z ‘GPS ineccumcy (3om) — |
accuracy of three centimetrem the GPS receiver 70 |

isshown in Figure8. As seen irFigure8, even E 60 ¢

three centimetres can hava large impact on the % 0

heading;if the distance btween twocompared .E ;z

positions is less than 5 cm, the heading can be 5 a0 |

more than 30 degrees offt was clear, that there 10

had to be some distance between the GPS 0 0 5 1'0 1'5 2'0 2'5 0
positions used in the calculationstherwisethe distance between positiors (cm)
angles would be useless. By only making Figure8: Impactof a GPS inaccuracy of 3cm

calculaions, if the distance is over 20cthg error inthe heading is less than 10 degrees.

The implementation also has a bdiitt tolerance for this angle, to account for some of the 10
degree difference that might occur. All these factors should help keepuh&er of stored
boundary positions to a minimum, while still maintaining all positi@isvantto recreating

the original route travelled

The mapping algorithm is designed to record as few GPS positions as possible, while still
retaining enough GPS gitions to recreate theshape of thearea outlined. Even though this is
much dependent on the actual GPS receiver accuracy, the algorithm is designed to handle this

to some extent.

2.4 Map
The mapalgorithmis responsite for creating a map, whiatovers theentire field and makes it

possible to mark where the robot hagenand where it needs to go in order toow the field.

The RoutePlanning Algorithr Map 19
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The map should be created using a series of positidrishdefine

the perimeter ofthe field that needs to be mowed.

To ensure the robot has mowed the fiellset of waypoinsislaid
over the fieldwith a grid mestwidth and heightthat is equal to the
effective cuttingdiameterof the robot. Thismethod waschosen
becausewvhenthe route algorithmhas made a route thatisitsall

the waypoints, then thdield iscompletelymowed.

For the Map to be cread, the first thingo identify is the size of the
field. The algorithm iterates though the GPS positions from the
traveled route, and finds the positions that lay most to the north,
east, south and west. Theselues are used to create a rectangle

around the field as shown iRigure9.

In thisrectangle a grid is laidut over the field ashown inFigure
10. But since there can be some inaccuracy in the robots
movement, the widthand heightof the meshshouldbe lower than

the effective cutting diameter

In every intersection of the grihGPS positiois created This GPS

position issaved in a matrix in the map.

Figure9: The rectangle is
createdaround the field

S
)

Figurel1O: A grid islaid over
the field

To simpliy the route planning

algorithms, the magan berotated in

the direction the rolt should mow the

field. To rotate the map, the GPS \

T
\
)

positions are rotated using

mathematical algorithrf. Figurel1on

page20illustratesan example of a field 1

where the mapcould be rotated to

obtain a specific lIwing pattern.The Figurell: The map on the left is made from the actual
coordinates; the map on the right is rotated.

map shown on the lefis biggethan the

map on the righbecause the map is created as a rectangle from the four corners of the field

This will create more waypoints but most of these waypoints would not be in the field

" For more information on rotation seettp://en.wikipedia.org/wiki/Rotation (mathematics)

The RoutePlanning Algorithr Map
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However f the coordinatesare rotated, then the amount of unnecessary waypaatould be

lower.

To estimate if a point is ior outsidethe field, the algorithmoPoint in polygog is used, this

algorithm compares a given position to the traveled route aattulatedf it is inside the

polygon The algorithm has somenitations; depending on the implementation, either the top

and right boundaries or the bottom and left boundasiwill be denoted as being outside the

polygon even though they all lie on the edgéhis is illustrated iRigurel2.

C2NJ Y2ad aAddzrdAz2ya GKIFG ¢2dzZ Ryfevérthefeld, LINRof S
from one edgdo another,there is a high chance thabme of the poing will beon the line;if

one of the edges is a straight linbe whole line would be outside of the field. This problem is

solved with another algorithndPoint in ling'?, whichcalculatesf the position lies on the

traveled route If the position is on the line it will be mae#t as already rawed since the robot

has been athat position already.

Positions otherwise inside the map will be marked as not cleared w« s s s -
FYR Fff LIRAyGa 2dziaiARS GAff  Cx x xx x %)

puf

Fa a2FF

For more detailed explanation of the algorithm seeclosure 3: SR

Map algorithm description. HKoOR M A K Y

E A A A A A 4

Another salition could have been to eate an advanced data
A A A A 4

structure, such as a graphwhichsuppated arbitrary shapesf

B

fields. But sincéhe main goal of thiproject was to cover a Figure12 Point ir

rectangularfield, the advantage of using a map with an advanced Poly: red are inside
blue are outside

structure seermad very small.

Using the grid meshhe mapwill containrows and columns of waypointSince the robot
travels from one waypoint to another, all waypogthat lie on astraightline could be

replaced withonly two waypoins, oneat each endHowever,using this structure the map
would be urable to keep thanformation about where the robot has been, and where it needs

to go to mow the field completely.

Hc2NJ I RSAONRLIIAZ2Y 27F (K &Endosuged:yPdint ih Floygda digdrEheh yiescriptiond 2 NK G K'Y
ZcaNI b RSAONALIIAZ2Y 27F (E0Sosurel52Poist in Likeyalgdithnyddscripiof 32 NA G KY & S8 $»
13http://en.wikipedia.orq/wiki/Graph theory
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2.5 Go to GP&oordinate

The purpose of the Gto GP&oordinate [GGC] function is to take the respdilgiy of making

the robot move and turn, away from the route planning algorithms. Doing so could potentially
contribute to a more generic solution, which would allow for easy utilization of several

different route planning algorithms.

Because the goal dlfiis project is to clear greenarea it is of great importance which path the
robot takes when it moves from one position to another; and keeping this in mind, two

possible ways of navigating from A to B have been found:

| P
’ s

Figurel3: Point to point navigation Figure14: Drive on line navigation

1. Point to point navigation:
This method is illustrated iRigurel3. In the figure the robot starts at position hé
moves from here to position 2, and further to positionlBthen changes its direction
¢ degrees and drives to positighbefore continuing to position.3/Nith point to point
navigation the idea is the robot must visit all waypoints; thendescribed ithe
sectiondMapé 2 y 19.ifithe istance between the waypoints is equal to the
effective cuttingdiameterof the robot, the entire fieldvill havebeen cleared.
The way tle robot would navigate between waypoints is¢@t a given intervaf -
calculate its current heading and the heading to the target waypoint. It will then take
corrective measures to try to ste directly toward the waypoint, if it is off the target

heading,

1 Simulations and field tests are required to define this interval.
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2. Drive on line navigation:
This method is illustrated iRigurel4. The method is slightly more complex than point
to point navigation and will require some form of controller. In the figure the robot is
moving in the direction of the arrowfrom the bottomwaypoint (black circle) to the
top waypoint. The line between the wawints represents the ideal line whigih
followed, will ensure thathe entire fieldhas been mowedit is however seen that, at
its current state, the robot has a distanddo the ideal line and therefore the wheels
are turned¢ degrees to compensate for this, to get the robot back on the ideal line.
As mentioned, this method will require some form of controller such as2PID
controller or a variation of this. This will magedependant ond, and thus the
O2yNRftSNI O2yaildlyida gAftf RSTAYSLIIKRSHQ FAA K
the ideal line.
In point to point navigation it was possible to denote the field as cleared when all
waypointshad been visited. This is howevsst the case in drive on line navigation.
Drive on line navigation will require a logging function that records where the robot

has beento establish what has been cleared and what still needs clearing.

Analysing the requirements of the GGC function, the following fields of responsibility have

beenfound (all apply to the previously mentioned methods):

1. The GGC must ensure that the robot is moving towards the desired target at all times;
whether it is a wgpoint, a line or a point on a line.
2. The GGC must ensure that the speed of the robot is set according to:
a. The distance to the target waypoint.
b. The angle between its current heading and the target heading.
The chosen way to follow the route plan is methadPtint to point navigationThis method
was chosen because it was found to be a more fitting solution when considering the scope and

timeframe of this project.

Method 2 was discarded because the controller and logging parts were estimatedhigh
riskfactors which could potentially become very time consuming; thus making the project fail

in one essential area: To actually make a robot clegeanarea.

Again, looking aFigurel3; when the robot moves from waypoint 2 and gets to waypoint 3, it
will be given a new target waypoint: waypoint 4. The angle to the new waypadjndégrees

and therefore the wheels will be set gpdegreesThis is done under the agsption that

1 http://en.wikipedia.org/wiki/PID_controller
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UTM?® North (0 degrees) and the whe€lsrward (0 degreesire aligned. Since this will hardly

ever happen, therobo®o2 NRAY | S &@ aid Y O2y2ReRikiyKeSn@oseedt R a
accordingly”’

A detailed explanation of thé Dt GPSO 2 2 NR AlgbiitimSén be found iEnclosure 6

Go to GP$oordinate algorithm description.

As seen in the enclosure ghalgorithm handles the previously defined requirements. Other

than what has already been defingtle GGC also handles the fact that it is desirable to turn

the wheels of the bot as few degrees as possifd®ing sowill spare the robot from

mechanicabtressThis is illustrated iffigurel5.L & A& &aSSy GKIF G GHeS | y3t s

Fy 3t S iifthe dargeyit Oading is H and thargetheading is

T,the GGC willi dzNdégrees left andeverse the direction of the H
wheelsNF G KSNJ 0KFy Gdz2NYyAy3 | RS a YR
principle is also shown iRigurel7 on page25. B

The selected solution is found to be fitting for the purpose of this
project. There are other ways to navigate from one position to

another, but ths solution was chosen for its simplicity. T

Figurel5: H is the

2.6 Simple route planning algorithm current heading, T is the

The simple route planning algorithm wanade for three purposes ~ @/9etheading” = 1 y'R
are possible wheel
Only: angles.

1) It should work for a rectangat area, with no obstacles.

2) It should be easy to undei@td and implement.

3) It should be computationalljast.

The motivation for this algorithm was to demonstrate the
possibilities, and hence the limits of tishosen robot platform

and to test alunderlying layers of the program code.

Given a rectangular map of waypoints, the quickest feayhe

robot to visit them all wouldbe, to go through them all column by

column and hence it was decided to implement it that way.

Figure16: The simple The algorithm iteratethrough all waypointsn the mapto make a

route plannina alaorithm . . .
route as the one shown iRigurel6; it starts in the upper left

corner,moves downwardand adds the waypoints it encounteto the route. When it reaches

®For a detailed description of what UTM ises
http://en.wikipedia.org/wiki/Universal Transverse Mercator coordinate system
Y This functionality is handled elsewher8ee Enclosure 1: Software description
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the bottom, it goes to the row immediately right, stattere and

Forward ——»——
Reverse ———

adds all waypoints it encounters on its way up. Normal @
Added @

Because of somsluggishnesm the response from the wheels
(see Field test Go To GR&oordinateon paged5for details), it
was necessary to implement something to help the robot make

hard turns.

It thereforeinserts sone extra positiondnto the routeat every
high angle turnThis allows for much srother turning.What it Figure17: 180 degree turn

.. - in simple route planning.
doesis illustraed in Figurel?.

If the map given (seé@ S O (IMag yio bé

21 43 65 clearedis an 8 by 8 meter squargassuming
20/ 42/ 64/ _ . ,
22 44 66 the robot has a effective cutting width of 1

1119] 23| 41| 45| 63| 67| 85| meter), the algorithm would generate a
2(18| 24| 40| 46 | 62 | 68 | 84 - S
31171 251 391 47| 61 | 69 | 83 route consistingf waypoints in the order
4|116| 26| 38| 48| 60| 70| 82 shown inFigurel8
5115| 27| 37| 49| 59| 71| 81
6/ 14| 28| 36| 50| 58| 72| 80| The algorithm is unsuitable for areas with
71131 29| 35|51 |57 73|79 opstaclesn the field,because there is no
8|12 30| 34| 52| 56| 74| 78 _ _

9/ 31/ 53/ 75/ mechanism for going arourttiem. If for

11 33 55 77| example waypoint 25 Figurel8was an

10 32 54 76 _ . o
Figurel8: Waypoint order in route Red line marks obstacle the algorithm would just skip it, but

the field.

still add waypoint 26making the rbot drive

right over waypoint 25the obstacle, which is not acceptable.

Figurel9on page26 illustrateswhat would happen if the algorithm was used on a non

rectangular field

SeeEnclosure 7 Simple Route IBnningalgorithm descriptiorfor a detailed explanation of

the algorithm

As described ithe above sectiothe simple routeplanning algorithm was egineered for 3

purposes and this discussionliake starting point in these:

1) The algorithm will be able to clear a flat rectangular area with no obstacles.

The RoutePlanning Algorithm Simpleroute planning 25
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2) Whether the algorithm is easy to understand is of course a matter of opinion.
However, since thelgorithm is based solely on reading positions in a matrix, in a
ALISOAFTAO 2NRSNJ KA OK elddt$ eganable 0 dehofedn® T NRBY T
algorithm,to be easily nderstandablecompared to the other implemented
algorithm.

3) The algorithm issfastas it can be (consideringdta grid based algorithm), due to the
fact, that it only runs through every waypoint in the map once. Henleas the

order® O(N), where Nis the total number of waypoints in the map

Because of thalgorithmimplementationit is always possible to predict where the robot

should go. This will be especially beneficial during the preliminarytéetd.

As describeearlier, this algorithm will not work very well on field shapes other than

rectangular or nearectangular ones. This limits

20

the use of this algorithm to a great extent. This
mainly due to the fact that, since hardly any G
fields arerectangular, such an algorithm would ol TITITT Iy

be of little use in the real world.

However, was this algorithmun on a non
NBOGFy3dzt  NJ FASERE (K
satisfactory Figurel9 shows the route the
algorithm would choose. Note that the robot

would have to drive outside the fielahichis st

not acceptable.

One could of course make the robot follow som

of the valid waypoints to get around this L \.)s/\

problem, but this izvery much outof-scope for R

[ Fedoulre —— _ Waypis__+ Roule —— |

the purpose of this algorithmit would also
) Figure19: Why simple route planning is bafbr
make the robd drive over areas already mowed non-rectangular fields.

A better solution is simply to implement another

route planning algorithm, one which takes this into consideration from the beginning.

B Eor explanation on Big O notation please sh#p://en.wikipedia.org/wiki/O notation
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Snce it was necessary to add some positions when turning, it will also leave the field when it
turns, which againis not acceptabléSeen irFigurel8). It would be possible to solve this by

driving around the fieldwice, but given the objectig of the algorithm, this is otdf-scope.

Testing and demonstration purposes are the primary objectives for this algorithm, and for that
itisveryuseful. theLJA RSY2Yy aiNF S (KS sioffijatiINFI Tt $YRE a K2 ¢

which needo be addressed.

2.7 Semtadvanced route planning algorithm

The motivation for this algorithm is to fulfil the need to be atueclear a field where the route
planning cannot avoid creating a route that leaves certain areas of the field isolated. A
example of such a field portrayed inFigure20. Thered
lines between part 1 and;2nd part 1 and 3 represent

paths with a width too smafbr the robot to drive over 2

more than onceThis means thaif the robot is at part 2, it
would beimpossible for it to get to part 3 without either 3

driving out of bounds or driving over alreadigited

waypoints. Figure20: 3-part-field
The algorithm will thus be created from the following criteria:

1) Because turning is a more time/power consuming action than driving forward, the
algorithm will be engineered tbmit that number of turnghe robotwill make
2) It must ensure that if the layout of the field causes the robot to divide the field into
isolated areas, it will be able to drive from one section to another without driving
outside the fieldThis can be achieved by utilizing an algorithm such as A*(pronounced
a! &% ToMioie:d ! ip a bestfirst, tree search algorithm that finds the leasbg
LI 6K FNRY I 3IAGBSY AyAdGArt y2RS (2 2yS 321 ¢

In this case, a node corresponds to a waypoint.

¥The A* algorithm is explained in detail hetetp://en.wikipedia.org/wiki/A_star
The A* algorithm implemented in this project can be seei&nclosure 9 A* algorithighescription
20 http://en.wikipedia.org/wiki/A_star
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The algorithm should work oanynon-convex,
arbitrary shape which represents thHeld to be
mowed. As described in chapter Map, a grid will be
laid over the field and all grid intersection points
[vertices] willcorrespond to a GR&ordinate;all of
thesehave to be visited, in oet for the field to be
denoted as cleared. An example of such a shapeffie @ )
is seen irFigure2l (a large scale version Bfgure21
can be found irenclosure & SARPA large scal&or
illustrative purposes the vertices are labelled with a

number corresponding to the order they are visited.

The robot will start athe nearestin the field (a)g in
GKA&a OlFasS GKS ail.Niddérthed (¢) (@) f

(V)
pu

assumption that it is more costtyenergy and time Figure21: Four thumbnail sketches of
the mowing process.
wise, to turn the route planning will decide the
longest path possible along the vertices, without having to turn; indhse it will be from
vertex 1 tovertex7 (b). When the robot reaches the end of the field, the route planning will

perform the same check and again drive in the direction of the longest possible siaitht
This will continue until

1) The field has beeadleared, or

2) The field has been divided intsolatedareas.

If the former is the case, the field has been cleared. If on the other hand the latter is the case,
then the route planning will calculate the shortest path along the vertices to the nearest
waypointwhich has not yet been cleareth Figure21(c), the robot is at the blue vertex 22,

still needing to clear the black verticddsing a second algorithqA*, the robot will follow the
green path to the black vertices and start clearing from there using the same procedure as

explained earliefd).

SeeEnclosure 1@ SemiAdvanced Route Planning Algorithm descripfiona detailed

explanation of the algorithm.

The combination of algorithms selected for handling the task of mowing fields of arbitrary
shapes, is found to beeasonable There may be other algorithms whiglill be able to clear

the greenarea faster; however the selected algorithms were chosen beeaf their relative

The RoutePlanning Algorithm Semiadvancedroute 28
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simplicity and the fact tha#* is well documente@nd not because of their speedkeeping in

mind that the goal of this project is to cleageeenarea and not to clear it as fast as possible.

As mentioned, the problem of arbitrafield shapes is solved by using two separate
algorithms. To avoidthig Yy S Yl & O2y aARSNJ SYLX 2eAy3a (G4KS KSdz
{ I £ SaYl y Thskaultl S¥rtially ensure that the robot does not visit the same

waypoint more than once. Howevehis may inadvertently create a disadvantageous situation

wherethe robot will have to make a lot ¢ime and power consuming90 degree turns. This

potential problem could be solved by adding costs between the waypoints, so that it would be

more expensivéo turn than to drive straight ahead.

The goal of this section was to create an algorithm which was capable of handling fields of
arbitrary shapes. The chosen solution to this problem was to besHirst type algorithm
combined with the A* algorithmThe solution potentially has room for improvement, but in its

current state it will fulfil the defined objectives.

2.8 Contour route planning algorithm

Themainfocus of this algorithnis non-flat areas; to discuss how to -
plan for theseand to demonstrateyet another wayof mowinga % B
green area. The criterion for choosing a suitable algorithm is its / J

/
ability to cope with slopes while still covering a large percentage I;’ <
|

\ A

It uses thesame principle amany people davhen they mow their \\

the area.

lawn; it follows the contour.

Figure22: Contour
following algorithm

The idea is to follow the edg# the previously mowed area,

continuing in a spiral inward.

If this isdone as the robot is driving, while also
monitoring the tilt of the robot, it is possible to mow

uneven areas.

It is not possible to plan the entire route at the A : b
beginning, because the tilts and slopes of the area  rigure23: Tilt angle vs. cutting width

are not knowrto begin with

The algorittm should therefore only plan ahead for as many points as it can follow for the

previous made contoulFigure22 shows this concept.

“The Travelling Salesman Problem is explained here: http://en.wikipedia.org/wiki/Travelling_aalgsmoblem
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On the first run the outer contouine is followed. Depending on the tilt of the robot, at any

given point, the effective width of the robot can be calculated, and therefore a new contour

line can be calculated and plotted. When the robot is at a high tilt perpendicular to the driving
direction, the contour lines therefore will be closer together, and further apart if the area is

flat. This is illustrated iffigure23x. ¢ KSNBE W! Q | ybBiwedmdtiee contaur linds,S R A & ( |
IAGSYy GKS Fy3ts ‘o

This algorithm will address the problem of a sloped field. This algorithm will however not be
implemented primarily because it is outside the scope of this project, but also due to the fact

that the hardware equirements cannot be met.
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