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Coverage path planning for autonomous lawnmowers using exact cellular
decomposition

LOGI SIGURDARSON

Department of Electrical Engineering

Chalmers University of Technology

Abstract

The rise of autonomous lawnmowers equipped with real-time kinematic (RTK) GPS
has given access to accurate absolute localization during operation. Accurate local-
ization has made it possible for mowers to follow predefined systematic paths and
avoid relying on ine [cieht pseudo-random patterns. In this thesis, coverage path
planning (CPP) algorithms using exact cell decomposition applicable to RTK-GPS
enabled autonomous lawnmowers are investigated. Specifically Oksanens split and
merge algorithm is implemented and evaluated with the objective to minimize the
coverage time for complex maps, together with a short study of the constriction
decomposition method applied to complex maps. The split and merge cell decompo-
sition algorithm is implemented using a simple objective based on the cell geometry
along with a complex objective using cutting time estimations. For the connecting
transport paths between cells, a simple sub-optimal greedy algorithm is used. The
evaluations are based on an estimated time consumption along with the simulated
time. The simulations are performed in a hybrid system simulation environment for
a di [erkntial drive lawnmower using a path following pure pursuit controller adapted
to follow the path with the mower cutting deck. The results showcase the cell de-
compositions, planning and cutting times for four dilerent maps for the adapted
split and merge algorithm. The thesis finds that the adapted split and merge al-
gorithm cannot guarantee a faster coverage pattern compared to the baseline given
the tested objective functions, although it can be preferable in certain cases.

Keywords: Coverage Path Planning, Boustrophedron Cell Decomposition, Exact
Cell Decomposition, Pure Pursuit Controller, Autonomous Mobile Robot, Di Leren-
tial Drive Robot.






Acknowledgements

First, 1 would like to thank Elias Josefsson at Husgvarna to give me the opportunity
to write this thesis, who together with my supervisor Henric Cronholm have helped
me with valueable knowledge and feedback. Also a great thanks to all Husqvarna
employees i have met along the way, who have all shown excitement and curiosity
during my work and who i look forward to call my co-workers.

A special thanks goes to my academic supervisor and examiner Martin Fabian, who
has been a great support and helped keep my work on track and giving valuable
input during my weekly ramblings. | am also grateful of the amount of time you have
spent reading and helping adjust the final report with your meticulous attention to
detail.

And last but not least, thanks to my wonderful wife Malin, who has shown nothing
but never ending support and understanding during my six years of studying.

Logi Sigurdarson, Gothenburg, Juli 2023

vii






Contents

List of Figures

List of Tables

1

Introduction

1.1 Background . . . . . . . .. ...
1.2 Purpose and objective . . . .. .. ...
1.3 Scope and delimitations . . . . . ... ... ... L.
1.4 Contributions . . . . . . . . ...

Background theory

21 Mower modeling. . . . . . . . . .
2.1.1 Mower dynamics . . . . . . ..
2.1.2 Reference point kinematics . . . . .. .. ... ... ... ...
2.1.3 Steady-state turning cutting width of a three disc mower . . .

2.2 Mapgeometry . . . . . ..
2.2.1 Geometricentities . . ... .. ... ...
222 Polygon . . . . ...
223 Padded polygon . . . . ... ... ...

Coverage path planning

3.1 Boustrophedon cellular decomposition. . . . .. ... .. .......
3.1.1 A short description of vertices and coordinates . . . . .. . ..
3.1.2 Locatingevents . . . . . . .. ...
3.1.3 Corner cases of locatingevents. . . . .. ... .........
3.1.4 Convertingeventtypes . . . . . . .. . ... ... .
3.15 Eventpruning . .. ... ... ... ...
3.1.6 Ceilingsand floors . ... ... ... ... .. .........
3.1.7 The cell decomposition . . . . .. ... ... ... .......

3.2 Optimized BCD . . . . . . . . . .
3.2.1 Objective functions . . . . . .. ... ... .. ... .. ...,
322 BaselineBCD . . . ... ... . ...

3.3 The constriction decomposition method . . . . . ... ... ... ...
3.3.1 Individual cell planning. . . . . . . . ... .. ... ...
3.3.2 Time estimation for monotone cell planning . . . . ... ...

3.4 Inter-cellular path planning . . . .. .. .. ... ... ........
34.1 Visibilitygraph . . . . .. ... oo

Xi

13
13
14
14
15
15
16
16
17
17
18
19
19
20
20
21
21



Contents

3.4.2 Route planning as a general traveling salesman problem . . . .

3.4.3 A greedy route planner . . . . .

3.5 Implementation of the BCD and optimized BCD . . . . . . ... ...

4 Simulation and control
4.1 Path following controllers . . . . . ..

4.1.1 Pure pursuit controller with an external reference . . . . . ..

4.2 Simulation environment . . . . .. ..

5 Optimized BCD results

5.1 Map 1: Convex boundary and convex obstacles . .. .. .......

5.2 Map 2: V-shaped boundary with obstacl
5.3 Map 3: complex boundary and obstacles
5.4 Map 4: Triangle shaped boundary and 3

6 Discussion and future work
6.1 Discussion . .. ... ..........
6.2 Futurework . .. ............
6.2.1 Parameter estimation . . . . . .
6.2.2 User assisted cell decomposition

7 Conclusion

Bibliography

€S . .. Lo

obstacles . . . ... .. ...

22
22
22

25
25
25
28

29
29
31
33
35

37
37
38
38
38

41

41



2.1

2.2

2.3

2.4

2.5

2.6

3.1

3.2

3.3

4.1

5.1

5.2

5.3

List of Figures

Simpli ed schematics of an autonomous mower with the possibility

of multiple cutting discs. . . . . . . ... ... .. . L. 5
Plot showing the allowed area for the combination of the speed and
angular velocity . . . . . . ... 7
A schematic of the three disc mower turning, given a virtual steering
angle , the dashed lines illustrate the coverage. . ... .. ... .. 8

Plot showing the decrease of cutting width as a function of steering
angle , where the steering angle is based on the point in the center
ofthe middledisc . . . . .. .. .. ... ... ... ... .. ... .. 9
A plot visualizing the mower cutting width in relation to the left and

the right side of the reference point when performing a steady state

U . . 10
An example map showing a work area, forbidden areas, the outer
polygon (perimeter) and the inner polygons (holes) . . .. ... ... 11

Figure showing the events for the boustrophedon cell decomposition.
Note that the right open event only acts on the upper vertex that

coincides with the slicing line. From [12]© 2016 IEEE . . . . .. .. 14
An example map showing the straight skeleton (a) together with the
decomposed and planned map (8 2016 IEEE . . . . ... ... .. 19
An illustration of the straight skeleton along with the CDM cell de-
composition ofacomplexmap . . . . . .. .. ... .. L. 20

Examples of the extended pure pursuit controller. The dashed gray
line shows the trajectory of the pointg, and p,, the dotted line shows
the border between forward and reverse . . . . . ... ... ... ... 26

The results of the cell decompositions for map 1, the numbers indicate
the order the cells are generated. For presentation purposes every
third line is depicted inthe plots . . . .. .. ... ... ....... 30
The results of the cell decompositions for map 2, the numbers indicate
the order the cells are generated. For presentation purposes every
third line is depicted inthe plots . . . . . .. ... .. ... ..... 31
The results of the cell decompositions for map 3, the number indicate
the order the cells are generated. For presentation purposes every
third line is depicted inthe plots . . . .. ... ... ... ...... 33

Xi



List of Figures

5.4 The results of the cell decompositions for map 4, the numbers indicate
the order the cells are generated. For presentation purposes every
third line is depicted inthe plots . . . .. ... ... ... ......

Xii

35



5.1
5.2

5.3
5.4

5.5
5.6

5.7
5.8

List of Tables

Planningresultsformap 1 . . . . . . . .. .. ... ... ....... 31
Simulation results for Map 1. Note the distance is measured as the
distance driven by the robot and not that of the cutting blade . . .. 31
The planning results formap 2 . ... .. ... ... ... ...... 32
Simulation results for Map 2. Note the distance is measured as the
distance driven by the robot and not that of the cutting blade . . .. 32
The planning results formap 3 . . . . . ... ... .. ... ..... 34
Simulation results for Map 3. Note the distance is measured as the
distance driven by the robot and not that of the cutting blade . . .. 34
The planning results formap 4 . . . ... .. ... ... ....... 36
Simulation results for Map 4. Note the distance is measured as the
distance driven by the robot and not that of the cutting blade . . . . 36



List of Tables




1

Introduction

Until recently, most autonomous lawnmowers have been relying on pseudo-random
coverage patterns in conjunction with physical boundary wires dug into the ground
to cover the area to be mowed. A recent improvement in terms of localization
iIs RTK-GPS [1] (Real-Time Kinematic GPS), which is available in high end au-
tonomous lawn mowers [2]. The RTK-GPS gives the possibility for centimeter scale
localization precision and has made it feasible to follow a predetermined system-
atic path. Systematic paths can greatly increase the e ciency compared to random
traversal of the area, and double the area capacity of a mower [3].

Current commercial implementations of systematic cutting in autonomous lawn-

mowers rely on a back and forth pattern with evenly spaced straight parallel lines.
These patterns can be sub optimal in respect to cutting e ciency when handling

complex maps with tight passages perpendicular to the cutting lines. If the path
would be adapted to the topography of the map instead, potential gains in respect
to cutting e ciency might be achieved.

This thesis investigates and implements systematic paths for autonomous lawnmow-
ers while taking the constraints and dynamics of the lawnmowers into account.

1.1 Background

The problem of planning a path that covers an area goes under the topic aiver-
age path planning(CPP) [4]. Coverage path planning is variation of the traveling
salesman problem, and has been shown to be a NP-hard if an optimal solution is to
be guaranteed [5]. The hard nature of the problem leads to using approximations,
assumptions, and simpli cations. Coverage path planning is a vast research topic
used for robotic mowers, robotic vacuum cleaners, unmanned aerial vehicles, and
autonomous underwater vehicles [4], [6].

In the literature there exist several interesting CPP algorithms applicable to au-
tonomous mowers [4]. A common approach is the divide and conquer strategy
which decomposes the map into smaller parts usingxact cellular decomposition
these cells are then planned and connected separately.

A common coverage path planning algorithm is theoustrophedon cellular decompo-
sition (BCD) algorithm [7]. The word boustrophedororiginates from ancient greek
and translates to the way of the ox, referring to the back and forth parallel pat-
tern occurring when plowing a eld. A predecessor of the boustrophedon cellular

3



1. Introduction

decomposition is the trapezoidal cellular decomposition which follows a similar pro-
cedure but generates an unnecessary amount of cells and possibly leading to longer
covering times [8]. Coverage path planning can further be solved by using Genetic
algorithms, Neural networks, and Reinforcement learning [4], however none of those
methods are investigated in this thesis.

Despite of the research on CPP being vast, this thesis contributes by evaluating and
implementing the algorithms with constraints and limitations of two di erent types

of autonomous lawnmowers. The algorithms are evaluated in the context of realistic
scenarios given complex maps such as gardens with multiple odd shaped obstacles.

1.2 Purpose and objective

The purpose of this thesis is to implement and evaluate suitable o intcoverage
path planning algorithms taking the mower kinematics and constraints into account,
with the objective to minimize the cutting time in complex environments.

1.3 Scope and delimitations

The scope of the thesis is to investigate, test and develop exact cellular decomposi-
tion coverage path planning algorithms suitable for small and midsize autonomous
lawnmowers with one or three cutting blades. The thesis focuses on oine cov-
erage path planning algorithms using exact cell decomposition given a prede ned
2-dimensional map with obstacles.

1.4 Contributions

The contributions of this thesis are:

N

An implementation and evaluation of an adaption of the split and merge exact
cell decomposition using boustrophedon cell decomposition in the domain of
small and midsize automatic lawnmowers.

A detailed description of a Boustrophedon cell decomposition implementation,
taking duplicate events into account.

An evaluation of the constriction decomposition method exact cell decompo-
sition when applied to a complex map.

An implementation of a pure pursuit path following controller using an external
reference adhering to constraints in angular velocity with the possibility to
reverse.

!Referring to computations done in advance with full knowledge.



2

Background theory

In the following chapter the background theory used in the coming chapters is pre-
sented. The theory covers the use of geometry, mower modeling and dynamics.

2.1 Mower modeling

In this thesis two di erent mower models are taken into account, a smaller mower
with a single disc cutting deck and a bigger mower with a three disc cutting deck;
these will be referred to as the single disc and three disc mowers, respectively. Aside
from the number of cutting discs, the mowers have similar dynamics and only di er

in the parameter values. The mowers have di erential drives where the cutting discs
are in front of the wheels. A schematic covering both mowers is shown in Figure 2.1.

This section presents the kinematic, dynamics and constraints of the mowers.

Figure 2.1: Simpli ed schematics of an autonomous mower with the possibility of
multiple cutting discs.



2. Background theory

2.1.1 Mower dynamics

The dynamics of the mowers can be modeled by the following ordinary di erential
equation system for a di erential drive robot,

= Sl + 1 Jcos()
S+ 1 sin()

—= E[' Rk

EOE
I

where! | and !, are the rotational velocities of the left and right wheel, and the
coordinates &m;Ym; ) de ne the mower frame located at the middle of the virtual

drive axle with the angle perpendicular to the virtual axle in the global frame.

The di erential drive model can be converted into a unicycle model by using the
mowers velocity and angular velocity as inputs

r r
Vuzé[!l"'!r]; —u:E[!r Nl
which gives
X = vy cos()

y = vysin()

—_ -

To avoid fast turns and comply with safety regulations a constraint on the angular
velocity is to be enforced, for evaluation purposes the following constraint is chosen:

8

3 Vs; | if j4 A ov(t) > 0
. t « . . 2.1
V()] 2vy 1 J—_(t)J : otherwise. (2.1)

—max

Herevs and v; are the maximum speeds when driving straight and turning respec-
tively. de nes the interval for which the mower can be assumed to drive straight
and _max IS the maximum angular velocity when turning in place. The allowed
velocities are illustrated in Figure 2.2.

2.1.2 Reference point kinematics

Given a point (X;; yr) in the mower frame the corresponding poingx,; y,) in global
coordinates can be described as

#o"oo# 0 » )#" ”
Xp — Xm cos sin Xr
Yp Ym * sin() cos() vy ' (2.2)

and when di erentiated the dynamics are given by
# n # n ) #Il
N sin( ) cos() X,

Xm
Yon cos()  sin()

(2.3)

K



2. Background theory

Figure 2.2: Plot showing the allowed area for the combination of the speed and
angular velocity

2.1.3 Steady-state turning cutting width of a three disc
mower

When conducting a turn with the three disc mower, the cutting width is reduced
as the triangular pattern is projected onto the heading direction. Since the cutting
blades are displaced in the direction of motion, the de nition of the cutting width

IS not clear during transient changes in heading angle. It is however possible to give
a simple de nition of cutting width during steady state cornering.

By de ning a virtual steering angle measured in the center of the middle cutting
disc as shown in Figure 2.3, the lengthcor, Which is given from the center of
rotation (COR) to the (virtual) center of the driving axle, is given by

The radius of the path for each cutting disc can then be expressed as

q q
n= (rer lp)2+ 13 rm= I, + 13 rr = (Feor + lp)2+ 12 (2.5)

wherely is the lateral distance between the center of an outer disc to the center of
the middle disc, andlg is the longitudinal distance from the mower drive axle to the
center of the outer cutting discs. The cutting widthl,, as a function of the steering
angle as 8
< 2p+2ry if =0
lw( )= . (2.6)

“max(ry;rm)  r+2ryg if 2 (0;51;



2. Background theory

Figure 2.3: A schematic of the three disc mower turning, given a virtual steering
angle , the dashed lines illustrate the coverage.

wherergq is the radius of each cutting disc. It is possible to de ne a function of the
loss of the cutting width with respect to the steering angle

(),
lw(0)

which is plotted in Figure 2.4. When following a path with a reference point it can
be important how much coverage is provided on each side of the path. If following
an arc shaped path with a radius,, with the tracking point located at the center
of the middle cutting disc, the cutting on the left sidel,, and right sidel,,, can be
expressed as

fw( )=1

2.7)

lwr( )= rm+rg (2.8)
lwi( )=Tm nN+rg (2.9)

which are depicted in relation to the full cutting width in Figure 2.5.

These calculations indicate the if a coverage path includes corners, adaptions have
to be made to account for the lost cutting width. This can be simpli ed by using cell
decomposition algorithms producing cells that can be covered with boustrophedon
paths where turning is performed outside of the planned cells.
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Figure 2.4: Plot showing the decrease of cutting width as a function of steering
angle , where the steering angle is based on the point in the center of the middle
disc

2.2 Map geometry

For the purposes of planning the coverage path it is important to de ne the work
area. The work area is the area where the mower should mow the grass while keeping
inside the bounds of the area. The work area is de ned by an outer boundary
together with the boundaries of the inner obstacles such as trees, houses, etc. An
example of a work area with three obstacles can be seen in Figure 2.6. In this section
a de nition of a polygon is given together with the relevant properties that polygons
can have when planning the coverage. A short description of lines and line segments
Is also provided.

2.2.1 Geometric entities

A point is a single coordinate in euclidean space and can represent a vector going
from the origin to the coordinate. A line segment is the nite straight line connecting
two points (also called vertices). A line string is a collection of connected line
segments, and when the start and end point of a line string are connected, and the
line string is simple (non-intersecting) it can be called a ring and corresponds to the
perimeter of a simple (non-intersecting) polygon.
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Figure 2.5: A plot visualizing the mower cutting width in relation to the left and
the right side of the reference point when performing a steady state turn

2.2.2 Polygon

A polygon is a 2D geometry that is de ned by an ordered set of points in 2D-space,
connecting each point is a straight line segment representing the boundary of the
polygon, examples of polygons are rectangles, triangles, and octagons, which all
have the properties simple, monotonic, and convex. Also, polygons can contain
holes, to simplify the descriptions a distinction is made between a polygon with or
without holes such that when a polygon contains holes it is called @lygon with
holes(PWH), while a polygon without holes is simply called golygon A polygon

P is de ned by its verticesv as

P = hvg;::i;val = hiXo; Yol ;o X ynid (2.10)

A PWH is a polygon de ned by multiple simple polygons, a simple polygon that
de nes the outer perimeter and multiple polygons de ning the holes. Thus, a PWH
is de ned as

Pwh = fPo; PPN g; (2.11)
where subscriptO indicates the outer perimeter polygon and the subscripgt indi-
cates a hole.

If a straight line perpendicular to an arbitrary axis direction can be moved along the
axis and at most intersect the polygon twice, the polygon isionotonewith respect

to the axis direction. A special case of monotone polygons are convex polygons
where any straight line intersects the polygon at most twice.

10



2. Background theory

Figure 2.6: An example map showing a work area, forbidden areas, the outer
polygon (perimeter) and the inner polygons (holes)

For a simple polygon the vertices can be oriented clockwise (CW) or counter-
clockwise (CCW). A CW orientation follows the edges CW around the interior of
the polygon, and CCW follows the edges in the opposite direction. The orientation
can be computed with the signed sum of the polygon

1%t
A= (XY XisYi); (2.12)
2 i=0
where a negative area\ indicates a CW orientation and a positiveA indicates a
CCW direction. A convention is to orient the polygons of a PWH as CW for the
outer boundary and CCW for the holes, which can simplify algorithms in terms of
handling special cases between the perimeter polygon and the holes.

In this work all polygons are simple, all PWH are made up of simple polygons, and
no holes intersect with the boundary of any other polygon.

2.2.3 Padded polygon

When performing path planning in general it is common practice to perform padding
of a polygon to avoid planning paths that are too close to the boundary. This can
also be referred to as in ating/de ating, o setting or bu ering the polygon. Two
applicable padding algorithms to polygons with holes are the use of the Minkowski
sum/di erence using a circle as implemented in the GEOS computational geometry
library [9] or using the o set property from the straight skeleton algorithm [10]. In
this thesis the GEOS Minkowski sum/di erence implementation is used.

11
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3

Coverage path planning

In this chapter the coverage path planning algorithms to be evaluated and imple-
mented are described. The Boustrophedon cellular decomposition (BCD) algorithm
is here described using ordered sets and boolean logic for locating events, together
with an algorithm for event pruning. A description of the constriction decomposi-
tion method is given, followed by preliminary results. Lastly, a simple greedy route
planner is introduced along with a description of alternative routing algorithms.

3.1 Boustrophedon cellular decomposition

The BCD, described in [7] and in more detail in [11], is an exact cell decomposition
algorithm generating monotone polygon cells that can be covered by parallel back
and forward passes. BCD can be explained by visualizing the map with obstacles
in the x-y plane together with the slicing line, which is a straight line parallel to
the y-axis and placed to the left of the polygon. At the start of the algorithm the
slicing line starts moving in the positivex direction, and builds up cells by following

a set of prede ned events. When the slicing line encounters an event vertex it either
opens new cells or closes cells. An illustration of the movement of the slicing line
along with the encountered events can be seen in Figure 3.1.

The events are located on the vertices of the polygons that de ne the PWH. The
event vertices are located by evaluating the corners of the polygons, a corner can
be left or a right facing, as well as pointing inwards or outwards in respect to the
polygon interior. A left corner is a corner de ned as having th& values of both line
segments greater than the value of the corner vertex, while right corners will have
smaller x values. These four combinations of left or right and inwards or outwards
each map to an event. If a vertex does not satisfy the left or right criteria it does
not de ne an event.

To know which combination of left or right and inwards or outwards corresponds to
an event, it is also necessary to know if it is the outer or an inner polygon of PWH as
they have di erent meaning, i.e a right and outwards facing vertex de nes aerge
event for an inner polygon while it de nes aclose event for the outer polygon as
seen in Figure 3.1.

However, it is possible to make use of the polygon direction (CW for the outer
polygon and CCW for the inner polygons) when locating the events by iterating
over the vertices. This makes it possible to de ne the event localizing algorithm for

13



3. Coverage path planning

an inner or an outer polygon and be able to use it for both without changes, the
following section will present the locating of the events.

Figure 3.1: Figure showing the events for the boustrophedon cell decomposition.
Note that the right openevent only acts on the upper vertex that coincides with the
slicing line. From [12]© 2016 IEEE

3.1.1 A short description of vertices and coordinates

As previously stated, a PWH consist of multiple polygons, each polygon consists
of multiple verticesv; 2 P (with i 2 [1;N]) where each vertexv; corresponds to a
coordinate vector[x;;y;]". The use ofvi; x;; y; will here be used loosely to simplify
the description.

Since a polygon is a circular chain of vertices, it is favorable to easily be able to refer
to the last and rst vertices as the vertex before the rst and the vertex after the
last, respectively. Thus wrap around indexing is used such that index O corresponds
to index N and indexN + 1 corresponds to index 1, i.ev; ; fori =1 corresponds
to the vertex beforev; which is the last vertexvy .

3.1.2 Locating events

To identify the events we nd the left and right sided event vertices, with the fol-
lowing

R=tryg oo i where ri =(X 1 <Xi) ™ (Xj+1 <Xj) (3.1)
L=Hg o Ini where I =(x 1> X)) (X1 > X)) (3.2)

whereR and L are lists of booleans indicating if a vertex is a left or right facing

14



3. Coverage path planning

8
%open if Li~rdet (vi v 1); (vier Vi) <O

close if ri~det (vi v 1); (Visr V) <O
& = _merge if ri~det (vi viq); (Visz Vi) >0 (3.3)
split if LL~det (vi vi 1), (visr Vv) >0
- none otherwise

where the determinant expression de nes a re ex vertéxif it is less than zero or

a convex vertex if it is above zero. The above expressions can be compared to the
events of the inner polygon in Figure 3.1, where the open event has a left facing
re ex vertex and the split event has a left facing convex vertex.

3.1.3 Corner cases of locating events

For ease of understanding, a corner case has until now been left out, this is in the
case that one or multiple vertical line segments are the source of an event. To handle
these events the left and right events can be de ned as

=X 1 <x) ™ (X = X)) _ (% 1= )™ (Xier > X5)) (3.4)
= (X 1= X)) (Xier <X5)) _ (X 1> X)) ™ (X1 = X)) (3.5)
i 2 [LN]: (3.6)

Though this will lead to duplicates of events as both vertices of a vertical line

segment will register an event, this can be handled by the event pruning presented
in Section 3.1.5.

3.1.4 Converting event types

Instead of using the original event descriptions for BCD, they are converted from
open, close split, and mergeinto the eventsopen, close close belowand close above

In this way a mergeevent becomes both &lose belowand close abovesvent, asplit
event becomes alose event and the open and close events stay the same. This
makes it easier to handle the edge case wherengrge event consists of a vertical
line segment such that the upper vertex of the line closes the cell above and the

lower vertex closes the cell below. The conversion of events can be summarized by
the following relations

open! open

close! close

split! close
merge! close abovend close below

LA vertex which internal angle is above 180 degrees, i.e. points inwards towards the inner of
the polygon.

15



3. Coverage path planning

3.1.5 Event pruning

A part of the algorithm that is not explained in [7] and [11] is how to handle duplicate
events. These duplicates have in this thesis been found to originate from three
sources: the event localization de ned in Section 3.1.2, the shape of the polygon,
and the combinations of the polygons de ning the PWH.

The event pruning algorithm is shown in Algorithm 1. For all closing events, 2 E
gather each uniquex-value, then for eachx-value sort the list in descending order
with respect to the y-value. For each closing event except the last one, check if the
line connecting the closing event to the next event in the list intersects with the work
area boundary. If it does not intersect, the closing event is a duplicate and should
be removed. End the sequence by adding the last event to the list. Harlese above
and close beloware special cases where only intersections above or belowl@se
aboveand close belowevent, respectively, count as an intersection. Then proceed to
add the last closing event to get the list of closing events to be kept.

Algorithm 1 Pruning algorithm
EC ;
PH polygon_holeqPwy ) . Only polygon holes
X unique_x_values(E)
for x in X do
Ex  sort,(E(x))
for i in 1to sizeEyx) 1do

e Exli]
e, Exfi +1]
if e:event 6 close upperthen . close above always added
| line_segmen{e:v; e :v)
P, PynfelP;ea:Pg . lgnore the event polygons
if not intersectgl; P,) then . Prune event
continue
end if
end if
E%push(e)
end for . Always add last event
E%push(last(E))
end for
return EO

3.1.6 Ceilings and oors

As shown in the second paper on BCD [13], the edges for each polygon in the PWH
can be split up into oors and ceilings. A oor is a multi-segment line which is
directly above the work area while the ceiling is a multi-segment line which has the
work area below it. If the polygon is convex, i.e. only contains two events, it can
only have one ceiling and a oor, while a non-convex polygon can have multiple
oors and ceilings depending on where the re ex vertices are located. The events
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list can be used to de ne the ceilings and oors, as each event marks the change
from a ceiling to a oor, or a oor to a ceiling. To attain the oors and ceilings, the
polygon ring is cut at each event vertex keeping the orientation of the polygon such
that the points in the line follow the same order around the polygon. As previously,
the opposite orientation of the inner and outer polygons simplify the implementation
as the same criteria work for both types. Given the nature of the event vertices,
all multi-segment lines are either strictly increasing or strictly decreasing in the
x-direction. For a hole polygon, a ceiling is a multi-segment line where all points
are strictly decreasing inx-direction and a oor is is a multi-segment line where all
the points are strictly increasing inx-direction. When using the ceilings and oors
in the cell decomposition a ceiling or a oor can be fully included in one cell or
partially included in multiple, but a cell can only consist of one (partial) ceiling and
one (partial) oor.

3.1.7 The cell decomposition

With the lists of events, ceilings, and oors for each polygon it is possible to generate
the cells. First all events for each polygon are merged into one list sorted in ascending
order with respect to thex-coordinate. In the same way the ceilings, and oors from
each polygon are merged into their respective list. If anopen and closeevent are
located at the samex-value the closeevent is prioritized, such that the ceilings and
oors added by the open event do not interfere with the closing of the cells when
nding the closest ceiling and oor.

Further two empty lists that will contain the active oors and ceilings are initialized.
An active oor or ceiling are the lines which are relevant for the current placement of
the slicing line, as the slicing line progresses in the x direction. Adding to the active
lists is the openevents that add the oors and ceilings that start at thex-coordinate
for the open event. When the slicing line encounters &loseevent a cell i closed,
rst the closest ceiling above the vertex and closest oor below the vertex are found
and removed from the active lists. The removed ceiling and oor lines are then cut
by the vertical slicing line intersecting the closing vertex, the part of the lines that
are to the left of the slicing line are connected at the ends with vertical lines and
form the new cell. The lines to the right of the slicing line are added back to the
lists of active oors and ceilings.

The close aboveand close belowevents are handled in a similar way to theclose
event. Such that theclose abovas constrained to use the oor line that coincides
with the close abovevertex and the close belows constrained to use the ceiling line
that coincides with the close belowertex.

3.2 Optimized BCD

In the following section a variant of the split and merge algorithm of [14] is proposed.
The algorithm described here diers in that the cell decomposition described in
Section 3.1 above is used instead of a trapezoidal cell decomposition [15] where the
cells are merged based on a criteria.
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The algorithm starts by rotating the map with evenly spaced angles from 0 to 180
degrees, and for each rotation the cell decomposition algorithm is run, followed by
calculating the objective functionJ for each cell. The angles for the three highest
scoring cells (per angle) are then chosen for the next iteration. For the forthcoming
iterations the angle spacing is halved and used to generate six hew angles by adding
and subtracting the spacing for the three best angles from the previous iteration.
The algorithm continues for a given number of iterations, and lastly picks the highest
scoring cell. The picked cell is then removed from the map and saved in the list of
picked cells. The procedure is then repeated until the map is empty, and we are left
with the exact cellular decomposition of the map (PWH).

In the original thesis it was found that starting out with 6 rotations with an even
spacing of 30 degrees from 0 to 180 degrees, and re-running the algorithm for 5
iterations until the angle resolution was below 1 degree was su cient to match 97%
of the brute force solutions.

As the split and merge algorithm is designed for big agricultural machines it mentions
the use of headland i.e. a turning zone before proceeding with the next straight
segment. As mowers are driven by di erential drive, the non-holonomic constraints
are more relaxed and the need for a headland might not be of as big importance,
especially for single blade mowers. In this implementation the map is rst padded
to account for boundary passes around the perimeter and all obstacles of the map,
allowing turning outside the planned cell.

As the algorithm sequentially chooses a cell and then removes it from the PWH it
Is evident that the PWH will be split up into separate PWH which here are called
islands. Each island can then be handled separately since each island is not a ected
by cell generation in other islands.

3.2.1 Objective functions

Given that the optimized BCD algorithm sequentially chooses the best cell given
an objective, it is important to rstly choose a criterion and tune the parameters
before evaluating the performance.

For the evaluation two di erent criteria are chosen, one simple and one complex.
The simple criterion takes the weighted sum of the normalized area with respect to
the remaining area, and a measure of tallness of the cell.

aregcell) N aregcell)
Yaregisland) = Zwidth(cell)

S —

(3.7)

The remaining area is based on the remaining area of the island where the cell
resides.

A more advanced and computationally heavy criterion is based on the estimated time
used to cover the cell. The cell lines are planned and time estimated in accordance to
section 3.3.2. This estimation is then normalized using a simpli ed measure which is
the time it would to take for the mower to cover the same area when going straight at
a given average speed. This is weighted and summed with the normalized area and

18



3. Coverage path planning

an added bene tf () for a cell that is angled in the same direction as a neighboring
previously selected cell.

J¢ = aregcell) N test(cell)
= laregqisland) | Ztnom (cell)

af () (3.8)

The parameters are tuned manually for each map and objective function.

3.2.2 Baseline BCD

When comparing the result from the optimized BCD algorithm the regular BCD
algorithm is used, to attain good results from the regular BCD algorithm the map is
rotated as in the rst step of the optimized BCD algorithm. Instead of removing the
best cell and continue, the map rotation with the maximum sum of all cells given
the objective functions stated in (3.7) and (3.8). This can be seen as generating an
optimal rotation of the map for regular BCD, given an optimization criteria.

3.3 The constriction decomposition method

Another Exact cellular decomposition method is the constriction decomposition
method (CDM) [16], [17]. The method builds on the straight skeleton [10] of a
PWH, using the straight skeleton split points to identify constriction points in the
map. The vertex connected to the split point is connected to the nearest boundary
edge or vertex of the face opposite of the split vertex. Figure 3.2 shows an example
of the straight skeleton of a map, together with the decomposed and planned map.

(@) The straight skeleton with the o sets (b) The decomposed map along with
lines, The straight skeleton is depicted three cells split by the red lines, along
with blue lines, and the split points are with a planned route computed with the
marked in red. straight skeleton.

Figure 3.2: An example map showing the straight skeleton (a) together with the
decomposed and planned map (8 2016 IEEE

In the original paper and thesis the method showed promising results being able to
decompose o ce environments. Although, preliminary results on complex gardens
have here shown to give undesirable results such as the example in Figure 3.3,

19



3. Coverage path planning

where the cells are highly irregular. Edge cases include wedge-shaped obstacles such
as the two wedges in Figure 3.3b which result in pointy cells that are hard to cover

e ciently. The original paper does not mention or show examples of similar type,
and the algorithm could possibly be adapted to handle such scenarios better, but is
not covered in this thesis.

(@) The straight skeleton (red) of a com-
plex map with split vertices marked (yel- (b) The CDM cell decomposition of a
low) complex map, generated manually

Figure 3.3: An illustration of the straight skeleton along with the CDM cell de-
composition of a complex map

3.3.1 Individual cell planning

For the monotone polygon cells generated by the BCD, the cells are lled by laying
straight lines with an even spacing. The spacing has to be smaller or equal to the
mowers track width ? to guarantee coverage. The number of cells and spacing for a
given cell is
N, = Xmax Xmin B
= oor —— +1: (3.9)
tw
The lines are subsequently planned in a back and forth pattern depending on the
starting point which is decided by the route planner.

3.3.2 Time estimation for monotone cell planning

To simplify the calculation of the time taken for the mower to cover a monotone cell
containing only parallel straight lines, 180-degree turns, and transport segments, the
time to cover the cell is estimated based on the parameters of the mower, straight
line distances, and a xed turning time. This is similar to the estimations done
in [18].

2The predetermined spacing between the lines that account for cutting overlap
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For the straight line segments a constant acceleratiomis assumed until the desired
velocity vs is reached, the timet, and distances, it takes to fully accelerate is
expressed as

Vs Vo S _tVs+Vo_
a — a

a 2

ta =

(3.10)

where vy is the velocity coming in or out of a turn. The timets it takes to travel
the distance of of segmeni of length s,(i) is calculated as

8 0 s 1
%2@ %+S?A it s(i) < 25,
ts(i) = (3.11)
% S'(I) %5 , 2t, otherwise.
The total number of turns for a map is
Xe
N; = Ni(i) 1L (3.12)

i=0

whereN. is the number of cells and\, (i) is the number of lines for a given ceil.
The total accumulated time for all cells is then given by

T=_ teurn (1) + ts(j): (3.13)

3.4 Inter-cellular path planning

For the path planning to be complete the order of the cells and the path between has
to be decided. The algorithm that decides the order in which the cells are connected
in conjunction with the path is here denoted as a route planner. In the following
section an optimal route planner and a proposed greedy route planner are described
along with the visibility graph which they both depend on.

3.4.1 Visibility graph

Given that every cell has a starting and ending point, the transport between cells
can be computed using a path planning algorithm based on the maps visibility graph
[15]. The visibility graph is computed by nding all vertices in the map's polygons
that are visible to each other. This can then be used to nd the shortest path from
a given point to another using a search algorithm such as A* [15]. Before generating
the visibility graph, the polygons of the map should be in ated or de ated to account
for the size of the robot to avoid collisions with the obstacles.
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3.4.2 Route planning as a general traveling salesman prob-
lem

In [18], the route planning is formulated as an Equality Generalized Traveling Sales-
man Problem (E-GTSP), where each cell has multiple possible coverage patterns
each with an estimated coverage time together with the start and end point of the
pattern. In the case of the BCD algorithm each cell has four patterns where each
pattern corresponds to the mower starting at each of the end points for the outer-
most lines. Given all possible cell patterns the estimated traveling time to all other
patterns in the map is calculated with the visibility graph, and added to a graph
together with the weighted edges representing the transport time. The graph is then
fed to an optimizer with the objective to minimize the time, given that only one
pattern for each cell is chosen. A similar approach is used in [12].

3.4.3 A greedy route planner

In this thesis a simple greedy route planner is used, performing the following steps.
1. Choose a starting cell that touches the map's outer boundary;

2. Plan the lines of the cell from the outer boundary in a back and forth pattern
until the end of the last line is reached;

3. Find the closest cell and plan from the closest point of an outermost line in a
back and forth pattern until the end of the last line is reached;

4. Repeat step 3. until no cells are left to visit.

When all cells have been planned individually, the start and end points are connected
using a visibility graph to avoid possible obstacles. This approach avoids having to
evaluate the visibility graph for all possible cell pattern combinations with the cost
of attaining a sub-optimal path.

3.5 Implementation of the BCD and optimized
BCD

The BCD and optimized BCD are implemented in the Julia programming lan-
guage [19] using the LibGEOS.jl package, a Julia wrapper for the computational
geometry package GEOS [9]). LibGEOS.]l is used for handling most geometric
objects, predicates and operations. The implementation follows the description in
Section 3.1 and only deviates on how the close events are handled and certain edge
cases. The close above and close under events are handled as two regular close events
that are vertically o set from the event vertex, in this way the implementation is
simpli ed as only the open and close events need handling. The o set is set at

10 & meters, which was assumed a negligible o set in the scale of a whole map.

The implemented BCD algorithm has proven to be robust, although is has been
discovered to be problematic when used in the optimized BCD, especially for larger
complex maps for certain parameter ranges. The problems arise especially for pa-
rameters that prefer long and thin cells, where the BCD algorithm looses track of
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the ceiling and oors when generating the cells to evaluate. The problem is believed
to be combination of less ideal geometries that arise from removing the cells one by
one and oating point errors when slicing the ceilings and oors of the map.

The optimized BCD sequentially nds and removes part of the map for each cell that

it chooses, this removal of cells can generate less ideal geometries for the remaining
map. The current implementation removes the cell by rotating the cell such that

it aligns correctly with the original orientation and removing it with the di erence
function from the LiIbGEOS.jl package. To account for the slight anomalies that
arise from using oating point numbers, the cell is rst in ated by 10 & meters
before removal. The method of in ating the cell has been found to generate its own
set of problems although giving a more consistent result than simply removing it.

The problems that can arise in the optimized BCD is mainly believed to be a problem
of this speci ¢ implementation and have not been investigated thoroughly, as the
results attained are believed to be adequate for the evaluations performed in this
thesis.
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Simulation and control

In this chapter, possible path following controllers for di erential drive robots are
described, followed by a description of the simulation environment developed and
used to verify the CPP algorithms.

4.1 Path following controllers

To evaluate the performance of the CPP algorithms in simulation, a path following
controller for the mower is needed. Common controllers for di erential drive robots
are the pure pursuit controller [20], Stanley controller [21], linear quadratic regula-
tors (LQR) [22], and model predictive controllers (MPC) [23]. The pure pursuit and
Stanley controllers are relatively simple controllers both based on geometric relations
between the vehicle and the path guaranteeing convergence to the path, while the
LQR and MPC controllers act on a reference error with the possibility of including
more advanced vehicle dynamics. The MPC controller can additionally plan ahead
while taking the constraints of the mower into account but at a computational cost.

One possible disadvantage of the controllers in their standard form is that a point in
between the two wheels, not the cutting deck, follow the path. This behavior leads to
the cutting deck diverging from the path when following sharp corners. There exist
examples of controllers that follow with an external reference such as the Fuzzy pure
pursuit with a front axle reference (FPPC-FAR) [24] and a proportional controller
for a drawing robot [25]. Here a pure pursuit controller inspired by the FPPC-FAR
controller with the possibility of reversing is presented and used in simulation.

4.1.1 Pure pursuit controller with an external reference

In this section a version of the pure pursuit controller acting on an external reference
such as a cutting deck is described. It is inspired by the FPPC-FAR with handling
of reversing along with speed limiting according to Section 2.1.1.

The controller builds on the same geometric principles as the regular pure pursuit
controller. While the regular pure pursuit controller nds a curve going through the
look-ahead point and mower center point with a common center of rotation (COR),
the extended pure pursuit controller nds the common COR for the look-ahead
point, the external reference point. When the COR point is found, the curvature
can be converted into a velocity and angular velocity for the robot based on a
reference velocity.
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(a) Positive forward velocity (b) Negative forward velocity

Figure 4.1: Examples of the extended pure pursuit controller. The dashed gray
line shows the trajectory of the pointsp, and p,, the dotted line shows the border
between forward and reverse
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The curvature needed to calculate the forward velocity along with the angular ve-
locity can be expressed as

Pdir = P1 Pd (4.1)
pdir
Pm = Pdt 4.2)
"O 1%
Pdir
P = — — 4.3
P 1 0 jipdgrz (43)
R=p), PmP? (4.4)
8 oF
<

z if R60 4.5)
©0  otherwise '
where p,, pg, and p, are points represented as vectors spanning from the origin
P, located in the middle of the (virtual) drive axle. Examples of the forward and
reversing scenarios are depicted in Figure 4.1. As the curvature is not de ned when
having a look-ahead point straight in front of the reference pointk = 0), the
curvature is set to zero. For positive reference velocities, velocity and angular
velocity are given by

V = Vief , (4.6)
—= Voref, (4.7)

wherev,¢; is the desired reference velocity of the mower. A disadvantage of only hav-
ing forward motion emerges when following tight corners where reversing is needed
to follow a path correctly. The need for reversing arises when the look-ahead point
is inside the disc de ned by radiusly with the center point in the middle of the
(virtual) drive axle (po). In these scenarios the controller attempts to follow the
point by going forwards and doing a full rotation to reach the point diverging from
the path. To avoid this behavior the direction of the velocity can be set by

Vair = sign(kpkz 1g) = sign(pf'R) (4.8)
and (4.6), (4.7) are then rewritten as

V = Vyir Vref (4-9)
—= V ref - (4.10)

To account for the mower constraints on angular velocity in (2.1), the angular ve-
locity de ned in (4.7) is rst computed using Vet = Vs (Maximum velocity when
going straight) and checked if it exceeds the limif4 > . If the limit is exceeded,
Viet IS recalculated according to (2.1) as

Vief = —— (4.11)

1 —max
jj+

—and v in (4.9) and (4.10) are then recalculated with the new,s .
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4.2 Simulation environment

The simulation is a hybrid system simulation able to handle continuous dynamics
coupled with discrete events. The continuous mower dynamics are based on a vari-
able time-step 4th order Runge-kutta scheme with xed maximum time steps for
updating the discrete-time control inputs. Inputs to the simulation environment
are the CPP path along with the map and a controller callback function. The sim-
ulation is used to verify that the CPP algorithms produce feasible fully covering
paths. Post-processing of the simulation data includes the calculation of coverage
percentage, total time duration, and the distance traveled by the robot.
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5

Optimized BCD results

In the following chapter results from the optimized BCD are presented. The results
are shown for four maps and each presented individually with both the estimated
time from Section 3.3.2 and simulated time. All simulation results show a coverage
of above 99% and the coverage percentage has therefore been omitted from the
comparisons. To simplify the comparison all results shown are for the smaller single
cutting disc mower.

The maps are all roughlyl000m? each. An important note is that all maps shown
here are de ated from the original maps by two track widths, such that the mower is
allowed to turn outside of the cells, the times reported are without the inclusion of
boundary cutting. To distinguish between the optimized BCD, Baseline BCD and
and the objective functions, the notations]2;J2;J8;J2 are used. The superscript
denotes the algorithmO for optimized BCD and B for the baseline BCD, while
the subscripts denote the objective functiong for complex ands for simple as in
Section 3.2.1. The following sections present the result for each map.

5.1 Map 1. Convex boundary and convex obsta-
cles

The cell decomposition for the di erent algorithms and objective functions can be
seen in Figure 5.1. For thel? algorithm the rst cell chosen is a long and thin
cell followed by two big cells (2 and 3), in comparison to thd® which chooses
the two big cells (1 and 2) before proceeding with the smaller cells in between
cell 1 and 2. A peculiarity is cell number 5 in theJQ algorithm, where the BCD
composition manages to extend the cell between cell 1 and 4 and avoid having to
generate additional cells to Il the small void.

For the numeric results found in Table 5.1 and Table 5.2, all algorithms are of similar
total estimated time, di ering at most by 3.5% where the fastest path is generated
by the J& objective. All objectives generate 7 cells, excep® which only creates 5
cells and also has a shorter transport length compared to the other cells. Note that
the estimated time, simulated time and number of lines follow the same ranking
of the algorithms. When comparing the time deviation between the simulated and
estimated time, the deviations are all close to 2 %.
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Figure 5.1: The results of the cell decompositions for map 1, the numbers indicate
the order the cells are generated. For presentation purposes every third line is
depicted in the plots
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