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Abstract

Efforts related to minimising the environmental burden caused by agricultural activities are
key contemporary drivers in the precision agriculture domain. Controlled Traffic Farming
(CTF) techniques are being applied against soil compaction creation, using on-line
optimization of route planning for soil-sensitive field operations. The research presented in
this paper aims at optimizing farm machinery routes to minimize the environmental burden.
As such, it further advances existing CTF solutions by its complexity including (1) efficient
field divisions, (2) U-turns in headlands, (3) obstacles in a farm machinery route and (4)
terrain specifics. The developed algorithm is expressed as UML activity diagrams as well as
pseudo-code. Results were visualized in 2D and 3D to demonstrate terrain impact.
Verifications were conducted at a fully operational commercial farm (Rosténice, the Czech
Republic) against second-by-second sensor measurements of real farm machinery
trajectories. The developed algorithm addresses two main viewpoints: economic (saved
route, fuel and time) and environmental (among other, reductions of soil compactness and
erosion, an increase of soil infiltration rate).

Keywords: Controlled Traffic Farming, semi-autonomous driving, navigation.

1. INTRODUCTION

Decreasing soil health causes, among others, a barrier to producing more high-quality food,
which has become a widespread challenge across the world. Soils' importance is evident as
it is one of the critical factors for all living things, humankind included, to stay alive. For that
reason, issues related to soil health and its higher productivity are defined in countless
legally-binding documents, scientific papers, strategies, best practices, models, applications
etc. The majority of (developed) countries address soil productivity and health on a
legislative basis. Research funded by the European Commission (1991) has concluded that
six major threats place soil fertility at risk: soil erosion, loss of organic matter, soil
biodiversity, soil compaction, soil salinity and soil pollution. These threats have adverse
effects on soil functions and ecosystem services, which may lead to land degradation.

Controlled traffic farming (CTF) is a strategy to minimise soil compaction, which is being
implemented worldwide. CTF systems use modular working width and traffic gauge
equipment, together with precise guidance to constrain all load-bearing traffic to permanent
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lanes. Most of the current work (i.e., Biglarbegian and Al-Turjman, 2014, Jin and Tang, 2010,
Kroulik et al. 2018, Noguchi and Terao, 1997, Oksanen and Visala, 2009; Yan et al., 2008;
presents a quantitative evaluation of the impact of CTF on the soil quality. There is a lack of
valuable models that jointly combine the soil properties and the optimal CTF strategies.

The main goal of this paper is to develop a proof-of-concept for optimising farm machinery
routes. The chief motivation is to reduce the risk of soil compaction creation. Fuel reductions,
saving time as well as human and financial resources (e.g., lowering machinery wear) are
effects of the chosen approach. The main objective was further developed into the following
partial goals:

(1) Identify the input requirements for designing an algorithm for optimizing farm
machinery routes.

(2) Formalise the identified requirements as a basis for their automatization.

(3) Compare the differences of theoretically optimal routes of a farm machine to
reference farm machinery trajectories in the pilot area.

2. METHODOLOGY

2.1 Reference farm machinery trajectories

Reference data acquisition was conducted at the Rosténice cooperative farm in the south-
eastern part of the Czech Republic. Data were measured by a CASE IH AXIAL FLOW 9120
field harvester equipped with an AFS Pro 700 monitoring unit for three fields: Lany,
Pivovarka and Pfedni Prostfedni. The measurements were of GNSS-RTK quality (Global
Navigation System of Systems — the Real-Time Kinematics), i.e. they provided a spatial
resolution of less than 0.1 m. Measurements were taken continuously each second at an
average speed of 1.55 m.s, recommended as optimal at the Rosténice Farm for cereal
harvesting by the CASE IH AXIAL FLOW 9120 field harvester.

2.2 Development of optimal farm machinery algorithm

The following functional requirements were identified for the development of optimal farm
machinery route that is applicable to plant production on the fields:

o Efficient field divisions: field fragmentation in line with terrain characteristics.
e Whole production harvest: 100% of the cultivated crop needs to be harvested.

¢ Avoid long-term obstacles: long-term obstacles in the field need to be addressed
automatically.

e Minimization of overall trajectory length: trajectory length should be kept at a
minimum as its route length affects fuel consumption, CO2 emissions and operating
time.

e Minimization of the number of passes: reducing soil compaction.

e Selection of appropriate U-turn shape: in line with research developed by Jin and



GIS Ostrava 2021 — Advances in Localization and Navigation March 17-19, 2021

Tang (2010).

e Adaptability to specific crops: a selection of relevant farm machinery (such as vehicle
width, axle load, tire pressure).

e Terrain impacts:
o steepness of the slopes as two key inputs to address erosion,
o selection of a field entry/exit points according to their altitude.

The methodology used in this paper followed the ‘waterfall approach’ as described by Royce
(1970). The requirements were transformed into a functional specification where each
requirement mentioned above was formally defined as a stand-alone function. The
developed functional specification consists of sets of UML activity diagrams. The pseudo-
code was created for the optimal farm machinery route algorithm.

Manually-created trajectories were visualized when following the developed algorithm. Such
routes were verified against second-by-second sensor measurements of real farm
machinery trajectories and by agronomists at farm Rosténice.

3. RESULTS

Five main results were achieved during the optimal farm machinery route algorithm
development:

e UML activity diagram expressions documenting the developed algorithm (see the
overall level of detail in Figure 1 as an example),

e pseudo-code of the developed algorithm,

e trajectories created according to the developed algorithm (since the used procedure
is designed as parameterizable and scalable, there are several trajectory variants —
as shown in Table 1 together with Figures 2 and 3),

e comparison of measures calculated from both types of trajectories (trajectories
lengths, number of turns and elevation gain),

e 2D and 3D cartographic outputs.

The methodology of optimizing farm machinery route has been designed as a generally
applicable to any field(s). As such, the methodology consists of modules to provide
customizable solutions.

Data import module loads data, which are required as a prerequisite to run the presented
algorithm. Parameters settings module define input parameters like span length of a
machine operating on a field. Plot fragmentation module simplifies the field geometry by
splitting to smaller fragments when three options are possible (based on aspect, slope or
field shape). Fragmentation into two parts based on field shape was used for creating ‘OPTI
2’ trajectory as depicted in Figure 2 (bottom). Trajectory calculation is the core module, which
creates the optimal trajectory. Module Bypass the obstacles adjusts the previously
calculated trajectory to avoid possible obstacles.
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Figure 1. Overall UML activity diagram of optimal farm machinery route algorithm.
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Pseudo-code was divided into identical building blocks as defined in the methodology. The
resulting pseudo-code depicted in Listing 1 originates from the Structured basic style
pseudo-code mixed with notes (comments) expressed in natural language descriptions.
function splitVertex
{
boundaries.vertex
identify.vertex
for i, i=0, i++
calculate angle between vertex i, i+l and i+2
if angle>180
{
perpendicular.cut
create new boundaries

splitVertex

else
i++
}

Listing. 1. Part of a pseudo-code for optimal farm machinery route algorithm (a function of field splitting with
complex shape into sections).

Relative differences were used for comparison of (A) different variants of manually created
trajectories according to the developed pseudo-code and (B) second-by-second sensor
measurements of real farm machinery trajectories for three fields at Rosténice farm (see
Table 1).

Table 1. Descriptive statistics of reference (REAL) and modelled farm machinery trajectories (OPTI 1 and
OPTI 2) for Pivovarka field (Rosténice cooperative farm, Czech Republic). Note ‘N/A’ stands for ‘not

applicable’.
Length Turns Elevation
Trajectory _ _ _ _
Length Difference Number Difference Gain Difference
[m] [%0] [%0] [m] [%0]
REAL 59,762.16 N/A 93 N/A 2,074.79 N/A
OPTI 1 50,623.76 -15.29 67 -27.96 1,818.85 -12.34

OPTI 2 50,588.15 -15.35 121 30.11 1,751.85 -15.57




GIS Ostrava 2021 — Advances in Localization and Navigation March 17-19, 2021

@® Enter orend point

ENTER —— Optimized trajectory

Real trajectory

0 50 100 200m
T — Extent of 3D scene

o
o
53

55
<5
(>
5%
X
‘t
‘O
55
ot
X
ol
“
3
<5
K
e
o
55

.

35
5%
o
. o
SIS
“ X
55
s
O S
S0
S s Tns s teeles

¥
3
S5
dessets
ot
Ch
9%
‘:‘t“
259
55
ot
(IS
GRS
%¢)
s
5
35
5
55

.

o
S5
5%

KX
S0

<>
RS

s
5
X
e
!
s,
3

o
.
C55

SO

SRS

%

s
5
<05

SRS
X0
55
5
55
5%
s
55
5y

55

O
%%
55
e
R

%G

S
letelr
5
5

oS
5
s

.

X
5
S
X
4

5

<

%
2%
o

ot
o

e

@® Enter orend point

— Optimized trajectory

Real trajectory

0 50 100 200m
T — Extent of 3D scene

Figure 2. 2D overview visualizations of reference (real) trajectory and two variants of optimised trajectories
(top — OPTI 1; bottom — OPTI 2) in Pivovarka field (Rosténice cooperative farm, Czech Republic). Note that
the grey rectangle represents the approximate extent of the 3D scene depicted in Figure 3.
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Figure 3. Detailed 3D visualization of real trajectory (red colour) and optimised trajectory ‘OPTI 2’ (blue) in
Pivovarka field (Rosténice cooperative farm, Czech Republic).

4. CONCLUSIONS

The developed algorithm addresses two main viewpoints: economic (saved route, fuel and
time) and environmental (among other, reductions of soil compactness and erosion, an
increase of soil infiltration rate).

The following major advantages of the developed algorithm were identified:

e complexity, as it planes the route, including the definition of the direction of passes,
avoiding obstacles and turns definition,

e procedure is designed as platform-independent and open,
e it enables processing of more complex field shapes, by dividing into segments,
e it considers the morphometric characteristics of the terrain (slope).

The following major differences between theoretically optimal and real reference farm
machinery trajectories were identified:

¢ theoretically optimal routes of a farm machine developed in line with the presented
algorithm is about 15% shorter than the reference farm machinery trajectories. On
the contrary, the number of turns of theoretically optimal routes is higher by around
30% than in the cases of reference farm machinery trajectories,

e differences between theoretically optimal and reference farm machinery trajectories
result from the following reasons: (1) the reference farm machinery trajectories
overlapped in several cases together with (2) longer turns.
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The developed algorithm is designed for planning of farm machinery movement. The
functionality of the algorithm has been tested on pilot fields from the Rosténice cooperative
farm. The algorithm is still a proof of concept, the possible modifications and extension will
be the subject of follow-up research.
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