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Abstract 

Today, industrial lawn mowing is a very time consuming process which involves hard manual 

labour because it has to be done by hand using a brush cutter. Recently a remote controlled 

lawn mower was introduced ς the SPIDER1, and this made lawn mowing somewhat easier. 

This report takes it one step further and investigates if it is possible to automate the mowing 

process making the remote controlled lawnmower into an autonomous robot. If this can be 

achieved, larger green areas could be cleared in less time, at a lower cost. The general idea is 

that a robot lawnmower is instructed in the extents of a field by means of a GPS. The route 

planning software will then calculate a route 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 measurable mowing of the field. 

2. It is not required that the field is marked with any external equipment - like a wire 

around the edge of the field. 

The outcome of this project is a portable software application ς capable of making a robot 

clear a green area. Furthermore, a report describing in theory and showing through field tests, 

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

 

                                                                                 
1
 http://www.spidermower.com 

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

Industriel græsslåning er en meget tidskrævende proces. Det skyldes primært, at det skal gøres 

manuelt med en buskrydder. Fornyelig blev en fjernstyret plæneklipper introduceret ς 

SPIDER2, og det gjorde græsslåning meget lettere. 

Denne rapport tager det et skridt videre og undersøger hvor vidt det er muligt at automatisere 

græsslåningsprocessen ved at ombygge den fjernstyrede plæneklipper til en autonom robot. I 

fald dette er muligt vil det betyde, at større græsområder kan slås på mindre tid og med lavere 

omkostninger. Ideen er, at robotten ved hjælp af GPS bliver instrueret i den pågældende 

marks udstrækning. Herefter vil ruteplanlægningssoftware beregne en rute der sikrer, at hele 

marken bliver slået. Til sidst vil robotten følge denne rute autonomt. 

Løsningen som præsenteres i denne rapport adskiller sig markant fra eksisterende løsninger på 

to nøglepunkter: 

1. Den giver en målbar slåning af marken. 

2. Det er ikke et krav at området der skal slås skal markeres med eksternt udstyr ς som 

f.eks. en ledning der ligger langs kanten på marken. 

Resultatet af dette projekt er en portabel software applikation som er i stand til at få en robot 

slå et græsområde. Derudover en rapport der teoretisk beskriver og igennem praktiske test 

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

                                                                                 
2
 http://www.spidermower.com 

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

The report consists of 3 main parts; 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 algorithms, starting 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 simulation covers the simulation of the algorithms in a controlled environment and the 

field test part covers the field tests of the algorithms in an actual field; in both cases 

demonstrating where they succeed and where they fail. 
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1.1 Introduction  

Machines have many advantages over humans: They are, among other things faster, stronger 

and more much more enduring. Other than that, their ability to operate in hazardous 

environments and to perform tedious tasks for extensive amounts of time makes them a 

brilliant solution when the inadequacy of human capacity appears. The Semi-automatic 

trimming of Green Areas-project [SAGA], utilizes exactly this. 

So far there has been no real study mapping the need for these autonomous machines, but a 

recent survey3 revealed that the combined budget for maintaining green areas for all counties 

in Denmark is 1.300 million DKK. According to the survey, roughly half of this is used for 

mowing and hedge trimming. This means that there´s a market with a savings potential of 

about 500 million DKK. 

When a technician from the local authorities clears green areas today, 

be it a baffle or something similar, it is done with a brush cutter (as 

seen in Figure 1); which involves hard, manual and time consuming 

labour.  

Today, solutions that try to solve the 

problem exist, in the form of remote 

controlled lawnmowers (like the SPIDER4 - as seen on Figure 2). 

With the SPIDER, the local authority technician can clear an area 

using roughly 1/8 of the time normally used on a given green area5. 

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

with such a scarcity of manpower. 

There is however, still room for improvement by turning the mower 

into a robot; making it autonomous and thereby capable of freeing 

up even more manpower and resources (like the Hortibot6 ς as seen 

on Figure 3). 

 

 

 

                                                                                 
3
 http://www.robocluster.dk/nyheder/robonews/20071102_plantnursingrobotics 

4
 For details on the SPIDER see http://www.spidermower.com 

5
  http://www.robocluster.dk/nyheder/robonews/20071102_plantnursingrobotics 

6
 For details on the Hortibot see http://www.hortibot.dk  

 

Figure 1: How cutting is 
done today 

 

 

Figure 3: The Hortibot; an 
autonomous robot 

 

 

Figure 2: The SPIDER; a 
remote-controlled mower 

 

http://www.robocluster.dk/nyheder/robonews/20071102_plantnursingrobotics
http://www.spidermower.com/
http://www.robocluster.dk/nyheder/robonews/20071102_plantnursingrobotics
http://www.hortibot.dk/
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1.2 Vision 

To automate the process of trimming green areas, as much as possible. 

It is the goal of this project to minimize the time and manpower that is spent on trimming 

green areas. It should be possible for the operator, even unskilled ones, to only show the robot 

the boundaries of the area to be trimmed and hereafter, the robot should be able to 

autonomously mow the outlined area, leaving the operator to only supervise its progress. 

1.3 Hypothesis 

It is possible to design and implement an algorithm that enables a robot to semi-automatically 

trim at least 95% of a flat green area of any shape using an RTK GPS system. 

1.4 Aim 

To enable a robot to trim flat green areas of any predefined shape.  

1.5 Objectives 

¶ A route-planning-algorithm which enables the robot to clear a flat and square area 

(primary objective) 

¶ Extended algorithm allowing the green area to be of arbitrary size and shape ς still flat 

(secondary objective) 

¶ A tool for simulating and testing the algorithms 

¶ A report documenting the entire system, including: 

o algorithms 

o simulations 

o field tests 

¶ With regard to testing: 

o Test that the robot clears the defined area with a minimum of 95% of the total 

area cut. 

1.6 Delimitations 

¶ The robot will not be able to clear green areas if there is no GPS signal. 

¶ The test platform will be the Hortibot7. 

                                                                                 
7
 www.hortibot.dk 
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2 The Route-Planning 
Algorithm 
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2.1 Introduction  

It is the job of the route planning algorithm to plan a route 

through a given area. 

To do this there are several things that must be defined and 

hence explained for it to be meaningful.  

The general idea, this project builds on, is to let the operator of 

the robot outline the area that is to be mowed. In this project, 

this is done by first driving the robot around the perimeter of 

the area, recording the shape (Figure 4 a). How this is done is 

eȄǇƭŀƛƴŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ ŎŀƭƭŜŘ άMappingέΦ hƴŎŜ ǘƘŜ ǎƘŀǇŜ Ƙŀǎ 

been recorded a route that covers the entire area will be 

planned (Figure 4 b). There are many considerations to take 

into account when doing this and certainly many ways of doing 

it. Two solutions were chosen which are discussed in the 

ǎŜŎǘƛƻƴǎ άSimple route planning algorithmέ ŀƴŘ άSemi-

advanced route planning algorithmέΦ A more sophisticated 

route planning algorithm is also discussed ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ ŎŀƭƭŜŘ άContour route planning 

algorithmέΣ ōǳǘ ǘƘƛǎ ƻǳǘ ƻŦ ǘƘŜ scope of the project and will only be used for comparison. 

The two algorithms chosen both rely on a grid-based map. What this is, and how it is used, is 

ŜȄǇƭŀƛƴŜŘ ŀƴŘ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ ŎŀƭƭŜŘ άMapέΦ 

Another commonality between the two algorithms is the function ŎŀƭƭŜŘ άGo to GPS-

ŎƻƻǊŘƛƴŀǘŜέ, which is the function that enables the robot to drive from one position to 

another. ¢Ƙƛǎ ǘƘŜǊŜŦƻǊŜ ŀƭǎƻ Ƙŀǎ ƛǘǎ ƻǿƴ ǎŜŎǘƛƻƴΣ ŎŀƭƭŜŘ άGo to GPS-coordinateέΦ 

The coverage patterns and algorithms discussed in this report are all engineered with 

inspiration from things one meets every day ς from the pattern used when harvesting huge 

crop fields to the Zamboni8 when it resurfaces an ice rink; even to the pattern used by Mr. 

Jensen when he mows his lawn. The common denominator for all patterns ς including the 

ones used in this project ς is that at least one of the following statements apply:  

1. They are adapted to maximize efficiency. 

2. They are adapted to minimize time consumption. 

3. They are adapted to fit any mechanical limitations the respective machine might have. 

 

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

 

Figure 4: Mapping the field 

 

http://en.wikipedia.org/wiki/Zamboni
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A platform has already been developed for eliminating much of the manual work (as noted in 

the general introduction on page 16), but it is still a hands on approach, requiring user input at 

all times. The software platform developed for this project which extends this previous 

platform, is documented in Enclosure 1: Software Description 

2.2 Objective 

A route planning algorithm which is capable of making the robot clear a green area of a 

rectangular shape.  

Furthermore, either improve this algorithm or create 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 travelled by the robot (Figure 4 

a), while taking into account the inaccuracy of the positioning system (a GPS receiver). 

To record the shape of the field, an approach using vector math was chosen. 

It is desirable to record only the information that is needed to 

reconstruct the route taken and not every position given by the 

GPS receiver. 

While the robot is driving, a continuous stream of changing GPS 

positions will be generated and from these a driving direction 

can be determined. 

This is illustrated in Figure 5Σ ǿƘŜǊŜ Ψ!Ω ƛǎ ǘƘŜ ŦƛǊǎǘ ǊŜŎƻǊŘŜŘ 

Ǉƻǎƛǘƛƻƴ ŀƴŘ Ψ.Ω ƛǎ ǘƘŜ ǎŜŎƻƴŘ ǇƻǎƛǘƛƻƴΦ 

If the robot continues in the same direction, it will end up at 

Ǉƻǎƛǘƛƻƴ Ψ/ΩΣ ƘƻǿŜǾŜǊ ƛŦ ƛǘ ŎƘŀƴƎŜǎ ŘƛǊŜŎǘƛƻƴ ƛǘ ƳƛƎƘǘ ŜƴŘ ǳǇ ŀǘ 

Ǉƻǎƛǘƛƻƴ Ψ5ΩΦ  

From these positions, which can be looked at like points, the following vectors can be formed 

ὃὄ and ὄὅ orὄὈ, depending on the direction. 

Using vectƻǊ ƳŀǘƘŜƳŀǘƛŎǎ όŘƻǘ ǇǊƻŘǳŎǘύΣ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŀƴƎƭŜ ʻ όǎƘƻǿƴ ƘŜǊŜ ŦƻǊ 

ὄὈ): 

—= ὥὶὧὧέί
ὃὄɇὄὈ

ȿὃὄȿȿὄὈȿ
 

If the angle ̒  ƛǎ ƴƻǘ лɕ όŜȄŎƭǳŘƛƴƎ Dt{ ƛƴŀŎŎǳǊŀŎƛŜǎύ ǘƘŜ Ǉƻǎƛǘƛƻƴ Ψ.Ω ǎƘƻǳƭŘ ōŜ ǊŜŎƻǊŘŜŘ as a 

position on the travelled route of the robot. 

 

Figure 5: Vectors from GPS 
positions 
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The problem however, is that the GPS is not 

completely accurate, so some measures have to 

be taken into account. 

The first measure is to increase the distance 

between the GPS positions. This decreases the 

impact of the GPS inaccuracy, but also 

introduces a delay into the system. 

¢ƘŜ ǎŜŎƻƴŘ ƳŜŀǎǳǊŜ ƛǎ ǘƻ ŀƭƭƻǿ ǘƘŜ ŀƴƎƭŜ ʻ ǘƻ 

deviate slightly from 0, without being recorded as a position on the travelled route. This 

ƛƴǘǊƻŘǳŎŜǎ ŀ ƴŜǿ ǇǊƻōƭŜƳ ƘƻǿŜǾŜǊΣ ōŜŎŀǳǎŜ ŀ ǎƻŦǘ ŎǳǊǾŜ ǿƛǘƘ ŀƴƎƭŜǎ ōŜƭƻǿ ǘƘŜ ŀƭƭƻǿŜŘ ʻ 

degrees deviance would not be recorded either. An example of this can be seen in Figure 6, 

ǿƘŜǊŜ ʻ ƛǎ ŀƭǿŀȅǎ ǳƴŘŜǊ ǘƘŜ ŀƭƭƻǿŜŘ ŘŜǾƛŀƴŎŜΣ ƛŦ comparing ὃὄ to ὄὅ, and afterwards ὄὅ to 

ὅὈ. 

The solution is to always compare the latest recorded vector; like ὃὄ to ὄὅ and afterwards ὃὄ 

to ὅὈ. 

See Enclosure 2 ς Mapping algorithm description for details. 

 

Depending on the size of the area that is to be mowed, if every GPS position logged were to be 

saved, a large amount of positions would end up being stored9, compared to having filtered 

out unneeded positions. A perfect square of any size could require as little as 4 saved 

positions, while unfiltered saving of positions would store 5 positions for every second driven. 

This is illustrated in Figure 7 for an 8 second drive (2 seconds are spent on driving each way). 

 

Comparing the previous position to the current one could solve some of the problems if the 

GPS receiver was totally accurate. However, this would still generate a lot of positions and only 

filter the positions that were the same. 
                                                                                 

9
 the GPS receiver on the robot updates at 5Hz 

 

Figure 7: Mapping: Saving positions. left: unfiltered, right: filtered 

 

 

 

Figure 6: Soft curve problem 
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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 options; either filter the positions as the robot is mapping the perimeter or save 

many more positions, and filter them afterwards. 

As stated, one of the biggest problems is that the GPS receiver is not a totally accurate device 

and as such the position it  returns, might differ 

slightly each time. This depends on the make and 

model of the actual receiver. A plot using an 

accuracy of three centimetres on the GPS receiver 

is shown in Figure 8. As seen in Figure 8, even 

three centimetres can have a large impact on the 

heading; if the distance between two compared 

positions is less than 5 cm, the heading can be 

more than 30 degrees off. It was clear, that there 

had to be some distance between the GPS 

positions used in the calculations, otherwise the 

angles would be useless. By only making 

calculations, if the distance is over 20cm, the error in the heading is less than 10 degrees. 

The implementation also has a built-in tolerance for this angle, to account for some of the 10 

degree difference that might occur. All these factors should help keep the number of stored 

boundary positions to a minimum, while still maintaining all positions relevant to recreating 

the original route travelled. 

 

The mapping algorithm is designed to record as few GPS positions as possible, while still 

retaining enough GPS positions to recreate the shape of the area 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 map algorithm is responsible for creating a map, which covers the entire field and makes it 

possible to mark where the robot has been and where it needs to go in order to mow the field. 

Plot of ώ= 90 cos 1 3

Ѝ32+ὼ2
 

 

Figure 8: Impact of a GPS inaccuracy of 3cm 
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Figure 9: The rectangle is 
created around the field 

 

 

Figure 10: A grid is laid over 
the field 

 

 

Figure 11: The map on the left is made from the actual 
coordinates; the map on the right is rotated. 

 

The map should be created using a series of positions which define 

the perimeter of the field that needs to be mowed. 

To ensure the robot has mowed the field, a set of waypoints is laid 

over the field with a grid mesh width and height that is equal to the 

effective cutting diameter of the robot. This method was chosen 

because when the route algorithm has made a route that visits all 

the waypoints, then the field is completely mowed. 

For the Map to be created, the first thing to 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. These values are used to create a rectangle 

around the field as shown in Figure 9. 

In this rectangle a grid is laid out over the field as shown in Figure 

10. But since there can be some inaccuracy in the robots 

movement, the width and height of the mesh should be lower than 

the effective cutting diameter.  

In every intersection of the grid, a GPS position is created. This GPS 

position is saved in a matrix in the map. 

 

To simplify the route planning 

algorithms, the map can be rotated in 

the direction the robot should mow the 

field. To rotate the map, the GPS 

positions are rotated using a 

mathematical algorithm10. Figure 11 on 

page 20 illustrates an example of a field 

where the map could be rotated to 

obtain a specific mowing pattern. The 

map shown on the left is bigger than the 

map on the right because 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. 

                                                                                 
10

 For more information on rotation see http://en.wikipedia.org/wiki/Rotation_(mathematics) 

http://en.wikipedia.org/wiki/Rotation_(mathematics)
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However, if the coordinates are rotated, then the amount of unnecessary waypoints would be 

lower. 

To estimate if a point is in or outside the field, the algorithm άPoint in polygonέ11 is used, this 

algorithm compares a given position to the traveled route and calculates if it is inside the 

polygon. The algorithm has some limitations; depending on the implementation, either the top 

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

polygon, even though they all lie on the edge. This is illustrated in Figure 12. 

CƻǊ Ƴƻǎǘ ǎƛǘǳŀǘƛƻƴǎ ǘƘŀǘ ǿƻǳƭŘƴΩǘ ōŜ ŀ ǇǊƻōƭŜƳΣ ōǳǘ ǎƛƴŎŜ ǘƘŜ ƎǊƛŘ ƛǎ ƭŀƛŘ out over the field, 

from one edge to another, there is a high chance that some of the points will be on the line; if 

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

solved with another algorithm άPoint in lineέ12, which calculates if the position lies on the 

traveled route. If the position is on the line it will be marked as already mowed since the robot 

has been at that position already. 

Positions otherwise inside the map will be marked as not cleared, 

ŀƴŘ ŀƭƭ Ǉƻƛƴǘǎ ƻǳǘǎƛŘŜ ǿƛƭƭ ōŜ ƳŀǊƪŜŘ ŀǎ άƻŦŦ ƭƛƳƛǘǎέΦ 

For more detailed explanation of the algorithm see Enclosure 3: 

Map algorithm description. 

Another solution could have been to create an advanced data 

structure, such as a graph13, which supported arbitrary shapes of 

fields. But since the main goal of this project was to cover a 

rectangular field, the advantage of using a map with an advanced 

structure seemed very small. 

Using the grid mesh, the map will contain rows and columns of waypoints. Since the robot 

travels from one waypoint to another, all waypoints that lie on a straight line could be 

replaced with only two waypoints, one at each end. However, using this structure the map 

would be unable to keep the information about where the robot has been, and where it needs 

to go to mow the field completely.  

 

                                                                                 
11

 CƻǊ ŀ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ άǇƻƛƴǘ ƛƴ ǇƻƭȅƎƻƴέ ŀƭƎƻǊƛǘƘƳ ǎŜŜΥ Enclosure 4: Point in Ploygon algorithm description 
12

 CƻǊ ŀ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ άǇƻƛƴǘ ƛƴ ƭƛƴŜέ ŀƭƎƻǊƛǘƘƳ ǎŜŜΥ Enclosure 5: Point in Line algorithm description 
13

 http://en.wikipedia.org/wiki/Graph_theory  

 

Figure 12: Point in 
poly; red are inside, 

blue are outside 

 

http://en.wikipedia.org/wiki/Graph_theory
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2.5 Go to GPS-coordinate 

The purpose of the Go-to GPS-coordinate [GGC] function is to take the responsibility 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 of this project is to clear a green area 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: 

 

1. Point to point navigation:  

This method is illustrated in Figure 13. In the figure the robot starts at position 1 and 

moves from here to position 2, and further to position 3. It then changes its direction 

ɸ degrees and drives to position 4 before continuing to position 5. With point to point 

navigation the idea is the robot must visit all waypoints; then, as described in the 

section άMapέ ƻƴ ǇŀƎŜ 19, if the distance between the waypoints is equal to the 

effective cutting diameter of the robot, the entire field will have been cleared. 

The way the robot would navigate between waypoints is to ς at a given interval14 - 

calculate its current heading and the heading to the target waypoint. It will then take 

corrective measures to try to steer directly toward the waypoint, if it is off the target 

heading. 

                                                                                 
14

 Simulations and field tests are required to define this interval. 

 

Figure 14: Drive on line navigation 

 

 

Figure 13: Point to point navigation 
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2. Drive on line navigation:  

This method is illustrated in Figure 14. 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 arrow ς from the bottom waypoint (black circle) to the 

top waypoint. The line between the waypoints represents the ideal line which, if 

followed, will ensure that the entire field has been mowed. It is however seen that, at 

its current state, the robot has a distance d to the ideal line and therefore the wheels 

are turned ɸ 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 as a PID15 

controller or a variation of this. This will make ɸ dependant on d, and thus the 

ŎƻƴǘǊƻƭƭŜǊ Ŏƻƴǎǘŀƴǘǎ ǿƛƭƭ ŘŜŦƛƴŜ Ƙƻǿ Ŧŀǎǘκǎƭƻǿ ǘƘŜ Ǌƻōƻǘ ǿƛƭƭ ǊŜŀŎƘ ŀ ΨǎǘŜŀŘȅ-ǎǘŀǘŜΩ ƻƴ 

the ideal line. 

In point to point navigation it was possible to denote the field as cleared when all 

waypoints had been visited. This is however not the case in drive on line navigation. 

Drive on line navigation will require a logging function that records where the robot 

has been, to establish what has been cleared and what still needs clearing. 

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

been found (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 waypoint, 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 method 1: Point to point navigation. This 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 estimated to be high 

risk factors, which could potentially become very time consuming; thus making the project fail 

in one essential area: To actually make a robot clear a green area.  

Again, looking at Figure 13; 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 waypoint is ɸ degrees 

and therefore the wheels will be set to ɸ degrees. This is done under the assumption that 

                                                                                 
15

 http://en.wikipedia.org/wiki/PID_controller 
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UTM16 North (0 degrees) and the wheelsΩ forward (0 degrees) are aligned. Since this will hardly 

ever happen, the robotsΩ coƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ŀƴŘ άǘƘŜ ǿƻǊƭŘǎΩέ ŎƻƻǊŘƛƴŀǘŜ systems are adjusted 

accordingly.17 

A detailed explanation of the άDƻ to GPS-ŎƻƻǊŘƛƴŀǘŜέ algorithm can be found in Enclosure 6 - 

Go to GPS-coordinate algorithm description. 

As seen in the enclosure, the algorithm handles the previously defined requirements. Other 

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

the wheels of the robot as few degrees as possible; doing so will spare the robot from 

mechanical stress. This is illustrated in Figure 15. Lǘ ƛǎ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ŀƴƎƭŜ ʰ ƛǎ ǎƳŀƭƭŜǊ ǘƘŀƴ the 

ŀƴƎƭŜ ʲΤ ƘŜƴŎŜΣ if the current heading is H and the target heading is 

T, the GGC will ǘǳǊƴ ʰ degrees left and reverse the direction of the 

wheels ǊŀǘƘŜǊ ǘƘŀƴ ǘǳǊƴƛƴƎ ʲ ŘŜƎǊŜŜǎ ǊƛƎƘǘ ŀƴŘ ŘǊƛǾŜ ŦƻǊǿŀǊŘΦ The 

principle is also shown in Figure 17 on page 25. 

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 this solution was chosen for its simplicity. 

2.6 Simple route planning algorithm 

The simple route planning algorithm was made for three purposes 

only: 

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

2) It should be easy to understand and implement. 

3) It should be computationally-fast. 

The motivation for this algorithm was to demonstrate the 

possibilities, and hence the limits of the chosen robot platform, 

and to test all underlying layers of the program code. 

Given a rectangular map of waypoints, the quickest way for the 

robot to visit them all would be, to go through them all column by 

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

The algorithm iterates through all waypoints in the map to make a 

route as the one shown in Figure 16; it starts in the upper left 

corner, moves downward and adds the waypoints it encounters to the route. When it reaches 
                                                                                 

16
For a detailed description of what UTM is, see: 

http://en.wikipedia.org/wiki/Universal_Transverse_Mercator_coordinate_system 
17

 This functionality is handled elsewhere:  See Enclosure 1: Software description  

 

Figure 16: The simple 
route planning algorithm 

 

 

Figure 1: The simple 
route planning algorithm 

 

Figure 15: H is the 
current heading, T is the 
target heading; h  ŀƴŘ ʲ 
are possible wheel 
angles. 

 

http://en.wikipedia.org/wiki/Universal_Transverse_Mercator_coordinate_system
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the bottom, it goes to the row immediately right, starts here and 

adds all waypoints it encounters on its way up.  

 

Because of some sluggishness in the response from the wheels 

(see Field test - Go To GPS-coordinate on page 45 for details), it 

was necessary to implement something to help the robot make 

hard turns. 

It therefore inserts some extra positions into the route at every 

high angle turn. This allows for much smoother turning. What it 

does is illustrated in Figure 17.  

If the map given (see ǎŜŎǘƛƻƴ άMapέύ to be 

cleared is an 8 by 8 meter square (assuming 

the robot has an effective cutting width of 1 

meter), the algorithm would generate a 

route consisting of waypoints in the order 

shown in Figure 18. 

The algorithm is unsuitable for areas with 

obstacles in the field, because there is no 

mechanism for going around them. If for 

example waypoint 25 in Figure 18 was an 

obstacle, the algorithm would just skip it, but 

still add waypoint 26, making the robot drive 

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

Figure 19 on page 26 illustrates what would happen if the algorithm was used on a non-

rectangular field. 

See Enclosure 7 ς Simple Route Planning algorithm description for a detailed explanation of 

the algorithm. 

 

As described in the above section the simple route-planning algorithm was engineered for 3 

purposes and this discussion will take starting point in these: 

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

  21  43  65  

  20/ 
22 

 42/ 
44 

 64/ 
66 

 

1 19 23 41 45 63 67 85 
2 18 24 40 46 62 68 84 

3 17 25 39 47 61 69 83 

4 16 26 38 48 60 70 82 
5 15 27 37 49 59 71 81 

6 14 28 36 50 58 72 80 

7 13 29 35 51 57 73 79 
8 12 30 34 52 56 74 78 

 9/ 
11 

 31/ 
33 

 53/ 
55 

 75/ 
77 

 10  32  54  76 
Figure 18: Waypoint order in route. Red line marks 
the field. 

 

 

Figure 17: 180 degree turn 
in simple route planning.  
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2) Whether the algorithm is easy to understand is of course a matter of opinion. 

However, since the algorithm is based solely on reading positions in a matrix, in a 

ǎǇŜŎƛŦƛŎ ƻǊŘŜǊ ǿƘƛŎƘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ŦǊƻƳ ŦƛŜƭŘ ǘƻ Ŧƛeld, it is reasonable to denote this 

algorithm, to be easily understandable, compared to the other implemented 

algorithm. 

3) The algorithm is as fast as it can be (considering itΩs a grid based algorithm), due to the 

fact, that it only runs through every waypoint in the map once. Hence it has the 

order18 O(N), where N is the total number of waypoints in the map. 

Because of the algorithm implementation it is always possible to predict where the robot 

should go. This will be especially beneficial during the preliminary field tests. 

 

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

rectangular or near-rectangular ones. This limits 

the use of this algorithm to a great extent. This is 

mainly due to the fact that, since hardly any 

fields are rectangular, such an algorithm would 

be of little use in the real world. 

However, was this algorithm run on a non-

ǊŜŎǘŀƴƎǳƭŀǊ ŦƛŜƭŘΣ ǘƘŜ ƻǳǘŎƻƳŜ ǿƻǳƭŘƴΩǘ ōŜ ǾŜǊȅ 

satisfactory. Figure 19 shows the route the 

algorithm would choose. Note that the robot 

would have to drive outside the field which is 

not acceptable. 

One could of course make the robot follow some 

of the valid waypoints to get around this 

problem, but this is very much out-of-scope for 

the purpose of this algorithm. It would also 

make the robot drive over areas already mowed. 

A better solution is simply to implement another 

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

                                                                                 
18

 For explanation on Big O notation please see : http://en.wikipedia.org/wiki/O_notation  

 

Figure 19: Why simple route planning is bad for 
non-rectangular fields. 

 

 

http://en.wikipedia.org/wiki/O_notation
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Since it was necessary to add some positions when turning, it will also leave the field when it 

turns, which again, is not acceptable (Seen in Figure 18). It would be possible to solve this by 

driving around the field twice, but given the objective of the algorithm, this is out-of-scope. 

 

Testing and demonstration purposes are the primary objectives for this algorithm, and for that 

it is very useful. It heƭǇǎ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ŎƻƴŎŜǇǘΣ ŀƴŘ ǎƘƻǿǎ ǎƻƳŜ άsignificant ǇǊƻōƭŜƳǎέ 

which need to be addressed. 

2.7 Semi-advanced route planning algorithm 

The motivation for this algorithm is to fulfil the need to be able to clear a field where the route 

planning cannot avoid creating a route that leaves certain areas of the field isolated. An 

example of such a field is portrayed in Figure 20. The red 

lines between part 1 and 2; and part 1 and 3 represent 

paths with a width too small for the robot to drive over 

more than once. This means that if the robot is at part 2, it 

would be impossible for it to get to part 3 without either 

driving out of bounds or driving over already visited 

waypoints. 

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 to limit that number of turns the robot will 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 field. This can be achieved by utilizing an algorithm such as A*(pronounced 

ά! ǎǘŀǊέύ19.  To quote: ά!ϝ is a best-first, tree search algorithm that finds the least-cost 

ǇŀǘƘ ŦǊƻƳ ŀ ƎƛǾŜƴ ƛƴƛǘƛŀƭ ƴƻŘŜ ǘƻ ƻƴŜ Ǝƻŀƭ ƴƻŘŜ όƻǳǘ ƻŦ ƻƴŜ ƻǊ ƳƻǊŜ ǇƻǎǎƛōƭŜ ƎƻŀƭǎύΦέ20 

In this case, a node corresponds to a waypoint. 

                                                                                 
19

 The A* algorithm is explained in detail here: http://en.wikipedia.org/wiki/A_star 
The A* algorithm implemented in this project can be seen in Enclosure 9  A* algorithm description 
20

 http://en.wikipedia.org/wiki/A_star 

 

Figure 20: 3-part-field 

 

http://en.wikipedia.org/wiki/A_star
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The algorithm should work on any non-convex, 

arbitrary shape which represents the field to be 

mowed. As described in chapter Map, a grid will be 

laid over the field and all grid intersection points 

[vertices] will correspond to a GPS-coordinate; all of 

these have to be visited, in order for the field to be 

denoted as cleared. An example of such a shape/field 

is seen in Figure 21 (a large scale version of Figure 21 

can be found in Enclosure 8 ς SARPA large scale). For 

illustrative purposes the vertices are labelled with a 

number corresponding to the order they are visited.  

The robot will start at the nearest in the field (a) ς in 

ǘƘƛǎ ŎŀǎŜ ǘƘŜ ǎǘŀǊǘƛƴƎ ǾŜǊǘŜȄ ƛǎ ƭŀōŜƭƭŜŘ Ψ{Ω. Under the 

assumption that it is more costly ς energy- and time-

wise, to turn, the route planning will decide the 

longest path possible along the vertices, without having to turn; in this case it will be from 

vertex 1 to vertex 7 (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 straight path.  

This will continue until  

1) The field has been cleared, or  

2) The field has been divided into isolated areas.  

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 

waypoint which has not yet been cleared. In Figure 21(c), the robot is at the blue vertex 22, 

still needing to clear the black vertices. Using a second algorithm ς A*, the robot will follow the 

green path to the black vertices and start clearing from there using the same procedure as 

explained earlier (d). 

See Enclosure 10 ς Semi-Advanced Route Planning Algorithm description for a detailed 

explanation of the algorithm. 

 

The combination of algorithms selected for handling the task of mowing fields of arbitrary 

shapes, is found to be reasonable. There may be other algorithms which will be able to clear 

the green area faster; however the selected algorithms were chosen because of their relative 

 

Figure 21: Four thumbnail sketches of 
the mowing process. 
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simplicity and the fact that A* is well documented and not because of their speed ς keeping in 

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

As mentioned, the problem of arbitrary field shapes is solved by using two separate 

algorithms. To avoid this, ƻƴŜ Ƴŀȅ ŎƻƴǎƛŘŜǊ ŜƳǇƭƻȅƛƴƎ ǘƘŜ ƘŜǳǊƛǎǘƛŎǎ ƻŦ ά¢ƘŜ ¢ǊŀǾŜƭƭƛƴƎ 

{ŀƭŜǎƳŀƴ tǊƻōƭŜƳέ21. This could potentially ensure that the robot does not visit the same 

waypoint more than once. However, this may inadvertently create a disadvantageous situation 

where the robot will have to make a lot of time and power consuming +90 degree turns. This 

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

more expensive to 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 use a best first type algorithm 

combined with the A* algorithm. The solution potentially has room for improvement, but in its 

current state it will fulfil the defined objectives. 

2.8 Contour route planning algorithm 

The main focus of this algorithm is non-flat areas; to discuss how to 

plan for these and to demonstrate yet another way of mowing a 

green area. The criterion for choosing a suitable algorithm is its 

ability to cope with slopes while still covering a large percentage of 

the area. 

It uses the same principle as many people do when they mow their 

lawn; it follows the contour. 

The idea is to follow the edge of the previously mowed area, 

continuing in a spiral inward. 

If this is done 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 

beginning, because the tilts and slopes of the area 

are not known to begin with. 

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

previous made contour. Figure 22 shows this concept. 

                                                                                 
21

 The Travelling Salesman Problem is explained here: http://en.wikipedia.org/wiki/Travelling_salesman_problem 

 

Figure 22: Contour-
following algorithm 

 

 

Figure 23: Tilt angle vs. cutting width 
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On the first run the outer contour line 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 in Figure 23Σ ǿƘŜǊŜ Ψ!Ω ŀƴŘ Ψ9Ω ƛǎ ǘƘŜ ŘƛǎǘŀƴŎŜ between the contour lines, 

ƎƛǾŜƴ ǘƘŜ ŀƴƎƭŜ ʻΦ 

 

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 requirements cannot be met. 
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3 Simulation 

  




