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Abstract 

Spatial and temporal variability in soil, crop and climate characteristics results in non 
optimal use of fertilizers when the application rate is kept constant within agricultural 
fields. Components to adapt the fertilizer rate to site specific conditions are identified and 
discussed. One of the basic components is positioning; both for data acquisition and for 
site specific control, a reliable and accurate positioning device has to be available. For a 
correct description of the spatial variability of soil properties often many samples are 
required. The possibility to reduce the number of soil samples by means of correlation 
with recorded plough draught is presented. Next to data recording, site specific control 
of a fertilizer spreader is discussed. Not just adaption of fertilizer rate to local 
requirements but also recording of applied fertilizer amount is important. Calculation of 
the required amount of fertilizer is based on information from different sources. To 
accommodate this data exchange, an information model for processing of spatial and 
temporal data is presented. Field experiments were conducted to evaluate the 
components and determine the required spatial scale of operation. To describe the soil 
variability, a grid with a cell size of 5 by 5 meter was necessary. The positioning system 
was sufficiendy accurate but the implements for the application of fertilizer had to be 
modified to vary application rate that precise. 
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Voorwoord 

De motivatie om als AIO aan dit proefschrift te beginnen bestond uit interesse in de 
landbouw gecombineerd met een passie voor techniek. Dat dit bij een onderwerp als 
'precisie landbouw' past, is na het lezen van dit proefschrift, naar ik hoop, duidelijk. Deze 
motivatie alleen was echter niet voldoende om dit proefschrift af te ronden. Onderzoek 
bestaat namelijk naast het opzetten en uitvoeren van experimenten ook uit het 
opschrijven van de bevindingen en zeker voor dat laatste deel was wel eens wat extra 
motivatie nodig. Dit proefschrift zou er dan ook niet geweest zijn zonder de hulp van een 
groot aantal mensen bij zowel de uitvoering van de experimenten als bij het schaven aan 
de tekst. Een aantal van hen wil ik hier noemen. 

- De promotoren prof. dr. ir. L. Speelman en dr. ir. D. Goense. Bedankt Bert, voor je 
inzet om dit project op het juiste spoor te houden en voor de tijd die je voor het 
verbeteren van de diverse hoofdstukken hebt kunnen vrijmaken. Daan, met het 
opzetten van een internationaal onderzoeksproject heb je in eerste instantie dit 
proefschrift mogelijk gemaakt. Vervolgens bleef je ook tijdens de uitvoering van het 
onderzoek beschikbaar om met ideeen, adviezen en kritische kanttekeningen de 
onderzoeksaanpak en het schrijfwerk te ondersteunen. Bedankt hiervoor. 

- De collega's op de vakgroep Agrotechniek en -fysica. Een aantal staat als co-auteur bij 
de artikelen vermeld maar ook van andere collega's is de belangstelling voor het 
onderzoek zeer gewaardeerd. Michel Govers en Kees van Asselt, bedankt voor jullie 
inzet om apparatuur 'op maat' te maken en landbouwwerktuigen te transformeren in 
rijdende netwerken. Jordan Charitoglou, dank voor de ondersteuning bij de 
aanpassingen, uitgevoerd in staal, van diezelfde machines. Sam Blaauw, dank voor je 
brede ondersteuning, zowel op het Agrotechnion met software en hardware als tijdens 
het veldwerk bij mooi weer en bij slecht weer. Jos Kroesbergen en Dirk Kurstjens, dank 
voor jullie inzet bij het verzamelen van bodemgegevens. 

- De collega's bij de vakgroep Bodemkunde en Geologie: prof. dr. ir. J. Bouma was 
vanuit het onderzoek naar ruimtelijke variabiliteit in de bodem van groot belang voor 
het bepalen van de richting van dit onderzoek, Jan Verhagen, Piet Peters, Harry 
Booltink en Jeroen van Alphen, bedankt voor de goede en prettige samenwerking. De 
waardering voor het kunnen modelleren van een bodem, hoe moeilijk dat ook is, komt 



ook bij een landbouwtechnicus vanzelf na het graven van de zoveelste proflelkuil. 
- De collega's bij de vakgroep Landmeetkunde: Jan Hein Loedeman en Philip Wentink, 

dank voor de ondersteuning bij en het gebruik van geavanceerde plaatsbepalings 
apparatuur. 

- De medewerkers van het regionaal onderzoekscentrum "prof. dr. J.M. van 
Bemmelenhoeve". Bedankt voor jullie inzet en voor de geboden faciliteiten. 

- De collega's op het IMAG. Dank voor de mogelijkheid van deelname aan het SEO 
Precisie Landbouw programma. Dit heeft met name bijgedragen aan het opstellen en 
verder uitwerken van hoofdstuk 5. 

- De studenten die in het kader van een afstudeervak, stage of anderszins bij dit 
onderzoek betrokken waren: Guido Boerkamp, Kor Wigboldus, Tonny Otjens, Ivo 
Willemsen, Jan van Noort, Evert-Jan Wassink, Roel de Jonge, Jowin Gijsbers, Hetty 
Gerritse, Joost Straat, Johan Walvoort, Tijmen Bakker, Dennis Medema, Erik Sprong, 
Tadashi Chosa, Peter Varga, Jauk Hek, Ervin Rummel, Jaromir Martinec en Marc Staal 
bedankt voor jullie inzet. 

- The colleagues within EC project AIR3-CT94-1204 "Reduced Fertilizer Input by an 
Integrated, Location Specific Monitoring Support and Application System. 
(In-Space)". Thanks for the pleasant cooperation and valuable discussions regarding 
the concepts behind and opportunities and difficulties of national and international 
precision agriculture approaches. 

- De Beleidscommissie Remote Sensing (BCRS) voor de ondersteuning door middel van 
het onderzoeksprogramma NRSP-2, 98-13. 

- Mijn ouders en naaste familie in Zuidland. De praktische inslag die ik heb 
meegekregen bij het opgroeien op een akker- en loonbedrijf heeft de vorm van dit 
proefschrift zeker beinvloed. De interesse voor technische ontwikkelingen is hier 
eveneens traceerbaar. Op het moment dat een meer op de praktijk gerichte evaluatie 
van het precisie landbouw concept aan de orde was, was dat dan ook een mooie 
gelegenheid om naar het akkerbouwbedrijf terug te kunnen keren. Bedankt, zowel 
voor deze onderzoekstijd als voor de geboden studiemogelijkheden in voorafgaande 
jaren. 

- Hanneke, dank voor je steun bij het maken van dit proefschrift. Alhoewel een 
computer in de huiskamer inmiddels meer gemeengoed is, kan het onderzoeks 
gereedschap nu plaats maken voor het school- en speelmateriaal van Adam en 
Marieke. 
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Stellingen 

1) Twee of drie dimensionale plaatsbepaling, alleen gebaseerd op satellietsignalen, is niet 
betrouwbaar genoeg voor het positioneren van landbouwkundige bewerkingen. 
dit proefschrift 

2) Multidisciplinaire aanpak in onderzoek werkt alleen als vanuit de relevante disciplines 
kennis en gegevens kunnen worden uitgewisseld. Voor het laatste is tenminste een 
gemeenschappelijk informatiemodel noodzakelijk. 
dit proefschrift 

3) De hoeveelheid tijd die een bedrijfsleider nodig heeft voor het opstellen van de 
specificaties voor uitvoering van het veldwerk wordt in menig onderzoek naar precisie 
landbouw onderschat. 

4) Een simulatie wijkt altijd af van de werkelijkheid. 
dit proefschrift, pagina 138 

5) In geautomatiseerde systemen dient de datum in de volgorde jaartal/maand/dag ingevuld 
en opgeslagen te worden. Dit vereenvoudigt sorteren op datum en voorkomt foutieve 
invoer door automatische keuze van een nationale notatie variant. 

6) Een 'firewall' houdt in de praktijk meer kennis buiten de deur dan binnen de deur. 

7) Een systeem zo ontwerpen dat wijzigingen in specificaties eenvoudig door te voeren zijn, 
is minstens zo belangrijk als het opstellen van de specificaties zelf. 

8) Routinematig onderzoek bestaat niet. 

9) De term mechatronica is van toepassing op een systeem waarbij een elektronische en een 
mechanische component elkaar aanvullen. De term mechatronica mag echter niet gebruikt 
worden wanneer de ene component ingezet wordt om een ontwerpfout in een andere 
component te compenseren. 

10) Het principe om zelfbeschikking voor ieder individu tot beginsel te verheffen strookt niet 
met de wens tot het definieren van algemeen geldende normen en waarden. 

11) Het feit dat een ligfiets lichter trapt wijzigt niets aan de voor- en nadelen van het fietsen: 
dat je zelf moet trappen blijft zowel het grootste voordeel als het grootste nadeel. 

Stellingen behorende bij het proefschrift: 

Design and Integration of Components for Site Specific Control of Fertilizer Application. 

J. van Bergeijk 
Wageningen, 29 oktober 2001 
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this thesis. 



Chapter 1 

Introduction 

Agricultural production has to meet the societal demands for food and other materials 
such as fibres and energy sources. Society, in turn, is not only consumer but also 
influences agricultural production methods through economic, ecological and political 
mechanisms. Currently, agricultural production in the Netherlands not only has to meet 
criteria such as providing high quality and safe food at low cost, but also has to minimise 
environmental impact and fulfill obligations with respect to landscape conservation. For 
arable production, excessive use of fertilizers and agrochemicals that may lead to 
leaching of nutrients and contamination of groundwater has to be avoided. To be able 
to do so, the spatial and temporal scales at which these phenomena occur must be 
known. In legislation, formulated to reduce nutrient losses, it was identified that the 
criteria should match the scale of the information available on nutrient flows (van 
Aartsen, 1995). Whereas legislation at individual field level seems the ultimate goal, the 
optimal use of nutrients might require nutrient management systems that operate at 
scales smaller than the usual field size. 

One approach to maintaining high productivity and increasing nutrient efficiency is 
known as "precision agriculture". The premises of precision agriculture are to adapt field 
operations to local variations in crop and soil conditions by the use of state of the art 
technology, combined with knowledge-intensive field management. The goal of precision 
agriculture is an economically viable agricultural production process with low 
environmental impact. 

The origin of precision agriculture can be found in soil science where 'farming soils, not 
fields' expresses the awareness of the need to adjust field operations to local 
circumstances (Carr et al, 1991). After this spatial aspect, the right timing of field 
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operations is the second essential part of precision agriculture. Both aspects, the spatial 
and temporal variability present in an agronomic system, will be discussed in the 
following paragraphs. 

1.1. Spatial variability 

The relation between soil heterogeneity and variation in crop characteristics within single 
fields was already a theme in agricultural research at the beginning of the 20fh century. 
For instance, plough draught recording to test soil uniformity was conducted around 
1925 (Haines & Keen, 1925). The title of this paper "Studies in soil cultivation. II. A test 
of soil uniformity by means of dynamometer and plough" reflects the difference in 
approach with current precision agriculture research. While current research is often 
focussed on the characterization of variability of an agriculturally significant soil 
property, research from previous decades tested for uniformity of those properties in 
order to minimize variation between experimental plots. An example of the variability 
of the top soil clay content of a field, which will be further explored in this study, is given 
in Fig. 1.1 (Perdok et al, 1997). The pattern of relatively large variations at short 
distances is typical for areas reclaimed from sea or tidal zones present at the northern 
and western parts of the Netherlands. 

<<*» 

Fig. 1.1. Top soil clay content of a field in the north west part of the Netherlands, after 
Perdok, 1997 
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The idea of utilizing knowledge on spatial variability of agronomically important soil 
properties to optimize crop production is also old. An early example is a detailed spatial 
analysis of limestone requirement to explain the variation encountered within fields 
(Linsley & Bauer, 1929). 

Knowledge of spatial variability in soil and crop characteristics is necessary in the 
development of techniques to optimize agricultural production. Soil scientists initially 
addressed spatial variability by the identification of different mapping units. Around 
1970, another approach evolved, based on statistical analysis (Nielsenetal, 1976). The 
notion that individual soil samples are often spatially dependent and should be treated 
as spatially correlated measurements is the basis for a more comprehensive description 
of soil spatial variability (Buchter et al, 1991). Useful geostatistical techniques were 
initially designed for the mining industry (Journel & Huijbregts, 1978), and they rapidly 
found their application in agriculture (Burgess & Webster, 1980; McBratney & Webster, 
1981). Pivotal to geostatistics are the use of the semi-variogram to express spatial 
correlation and interpolation techniques such as kriging to estimate soil properties at 
non-sampled locations. 

Different agronomically significant soil properties have different spatial characteristics. 
Soil physical properties such as hydraulic conductivity and water retention vary strongly 
within fields and are often spatially correlated with classical soil types (Nielsen et al, 
1995). Soil chemical properties have been explored in many research programs. For 
example, a large inventory on spatial distribution of soil nitrate on 61 fields in Nebraska 
showed that despite a large coefficient of variation, 58%, a spatial structure could be 
formulated for 90% of the field inventories (Hergert et al, 1995). A similar study to 
explore spatial variability of pH, P, K, Ca, Mg and corn yield in three Michigan fields was 
reported by (Pierce et al, 1995). Also related to corn was a study to investigate the 
potential of site specific field management for a relatively homogeneous area near 
Montreal (Nolin etal, 1996). A large range of soil chemical properties was analysed. The 
coefficient of variation of most properties was lower than 35% but still the spatial pattern 
showed a good correlation with the 7 distinguishable soil types, the slight elevation 
(slopes mostly < 1%), and the corn yield. 

Characterization and modelling of the variability of the various soil properties is of 
little use for site specific management if the information can not be related to phenomena 
such as soil moisture availability, soil nutrient status and nitrate leaching potential 
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(Bouma & Finke, 1993). One approach to bridge the gap between classical soil type 
determination and the information necessary for site specific management, is the concept 
of functional layers. From a hydrological point of view a functional layer can be defined 
as a relatively homogeneous layer with significantly different hydrological properties 
compared to other layers (Wbsten et al, 1986; Verhagen et al, 1995). The definition of 
functional layers reduces complexity and facilitates the computation of soil attributes. 

The landscape itself is an important indicator of crop variability. A digital elevation map 
(DEM) can explain, in some cases, up to 70% of the variability of soil properties such as 
moisture content (Moore et al, 1993). The use of a DEM also marks a change in 
landscape modelling. Tools such as geographic information systems (GIS), implemented 
on powerful computers, enable a more continuous description of the terrain, whereas, 
previously, distinction was only made between a limited number of mapping units. The 
result is a better description of the continuously varying nature of agricultural fields. 

Information on the variability of crop characteristics is collected in various ways. Initially, 
manual samples had to be taken and processed. Since approximately 1985, the 
combination of globally available positioning systems with sensor developments led to 
the implementation of recording systems for agricultural equipment. Early examples are 
yield monitors on combine harvesters for grain crops (Searcy et al, 1989). Later on, 
product mass flow measurement systems for other crops came on the market. The yield 
maps produced by this equipment greatly contributed to the awareness of the spatial 
variability present in field crops. Likewise, the development of remote sensing equipment 
improved regarding spectral range and resolution, spatial resolution and availability. 
Crop reflectance in specific wave lengths such as the red, green and near infra red bands 
are used to estimate parameters such as leaf area index and crop stress due to water or 
nitrogen shortage (Stone et al, 1996). 

1.2. The time aspect 

Temporal variations can be discussed at different scales. Relevant for the scope of this 
thesis are the differences between individual growing seasons and the timing of field 
operations within one season. The seasonal effect on crop growth can be large, 
depending on the type of climate in a certain region. In a temperate humid climate, 
variation in early season rainfall was the main cause of large year to year variations in 
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N-availability for crop growth (van Es et al, 2000). For these regions, the major 
improvement in nitrate management was to take account of early season weather rather 
then soil spatial variability. In a Swedish study, net nitrogen mineralization showed both 
large temporal and spatial variation with a spatial pattern which was consistent over the 
two years studied (Delin & Linden, 2000). Other nutrients show less temporal variation. 
For instance, two years after soil sampling, soil nutrient maps for P and K were still 
usable (Lamb & Rehm, 2000). 

The influence of field operation timing on crop growth has been studied extensively. 
Many of these studies focussed on one or more of the following aspects: 

(1) effect of timing of sowing, for instance in sugarbeet crops (Zachariasse, 1974); 

(2) effect of fertilizer application timing on crop yield and nutrient losses (van Burg et 
al, 1984; Bock & Hergert, 1991; James, 1978); 

(3) timing of weed control operations (Curfs, 1976); 
(4) yield losses due to harvest timeliness (Portiek, 1977; Goense, 1987); and 
(5) timing of soil tillage operations (Hokke & Tanis, 1978). 

For different crops, nitrogen applications, in particular, have to match crop growth stages 
closely, in order to obtain maximum yield and avoid negative side effects such as lodging 
in grain crops or a decrease in sugar extract ability in sugar beet (van Burger al, 1984). 
Other research investigated the use of 'controlled release' fertilizers to improve nutrient 
efficiency (Zangh et al, 1996). In laboratory experiments, nitrate supply matched crop 
demand better when compared to conventional fertilizers. In practice, the use of these 
fertilizers requires prediction of soil moisture status and of crop development stage 
several weeks in advance. 

Integration of timeliness information on the various operations in a farm system model 
has enabled an evaluation of the effects of different mechanization options and can be 
used to optimize against certain criteria (Goense, 1987). A method to address the 
stochastic nature of climatic conditions is to use crop growth and soil moisture and 
nutrient status simulation models. Dynamic simulation studies that utilize multi season 
weather data provide information on the probability of a certain crop yield and risk of 
a certain degree of nutrient leaching (Booltink & Verhagen, 1997; Verhagen, 1997). 
Figure 1.2 gives the time scale for the field operations within a four year crop rotation. 



Chapter 1. Introduction 

Fig. 1.2. Time scale of field operations within a four year crop rotation 

The field operations are depicted as bars representing the time period in which the 
operation can be executed. The actual execution of an operation on a single field for most 
operations requires just part of a day. Exceptions are the harvesting of root crops and the 
main soil tillage operation where the implement capacity can be lower than 1.0 ha/h. The 
different colours of these bars are used to group operations that belong to the same 
growing season. Due to field management interactions between successive crops, 
temporal variations in, for instance, soil nutrient status should be analysed not just for 
one year or just for a single crop but for the cropping plan over multiple years. 

1.3. Control of agricultural production 

The basic operational control of crop production to take spatial variation into account is 
depicted in Fig. 1.3 (Haapala, 1995). In this figure, the smallest controllable unit in a 
production system is called a production location. What the size of a production location 
will be, depends on the variation and scale present in the environment and the 
operational possibilities of the implements. 

soil weather 

Fig. 1.3. Control loops for crop production control (Haapala, 1995) 

6 
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In this control model, the feedback loop from a production location is implemented by 
measurements on the status of a production location. A better response to disturbances 
from weather, for instance, can be obtained when the control model is extended with a 
simulation model which predicts the effect of an input for each production location (Fig. 
1.4). Prediction of the effect of any input on the status of a production location is in 
practice limited by a number of uncertainties. 

production 
objectives 

Simulated 
Production 
Location 

< > 
Calculation 
of Setpoints 

Implement 

soil weather production, 
environmental 

influences 

Production 
Location 

Fig. 1.4. Control loops for crop production control extended with a simulation model 

A few to mention are: 

(1) unknown long term and inaccurate short term weather forecasts; 
(2) unknown or un-modelled causes of crop status change; 
(3) unknown or un-modelled interactions between production locations, e.g. run-off; 
(4) measurement errors and unknown measurement accuracies; and 
(5) unknown or unwanted side effects of operations. 

Optimization of agricultural production at a certain location requires knowledge from 
several research disciplines. Relevant, in the context of this thesis, are agronomy, soil 
science, farm economics and agricultural engineering. The agronomy discipline comprises 
plant breeding, crop protection and crop production knowledge. Of the different soil 
science aspects, the interaction between soils and crops and the effects on describing and 
modelling, soil nutrient dynamics and soil strength or tractability, for instance, are 
important. Farm economics, or in a broader sense, farm management is concerned about 
the viability of a farming system. Agricultural engineering focuses on development and 
evaluation of equipment for farm systems. Some of the interactions between the 
agronomy, soil science, farm economics and agricultural engineering disciplines are 
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depicted in Fig. 1.5. 

cultural practice options 

economic 
constraints 

Farm 
Economics 

economic 
constraints 

crop 
status 

Agricultural 
Engineering 

cultural practice options 

crop status, goals and constraints 

Agronomy, 
Production 
Ecology 

cultural practice options 

soil status, goals 
and constraints 

4 
/ 

soil status 

Soil Science 
crop status, goals 
and constraints 

Fig. 1.5. Knowledge exchange between various research disciplines in precision agriculture 

Precision agriculture or site specific crop management relies on an increased amount of 
knowledge and information provided by these research disciplines. How to implement 
the knowledge exchange in an farming system, is almost a question on its own. The use 
of simulation models as a way to package knowledge into computer code is one 
possibility (Rawlins, 1996). Crop growth simulation models can incorporate knowledge 
provided by several disciplines to evaluate farming systems or field management 
scenarios. In this way, knowledge on crop systems may be formalised and can be made 
available to farm practice. It is also a way to facilitate communication and co-operation 
between research disciplines. Whether this approach will be able to translate 
fundamental knowledge of crop growth to farm practice is questionable, but the use of 
computer simulation techniques is already a common way of formalizing knowledge in 
the various disciplines of agricultural research. An example of the translation of 
knowledge contained in simulation models to farm practice is the development of 
decision support systems. For site specific nitrate fertilization, several of these systems 
are in development and preliminary results show that an improved nitrate efficiency is 
feasible (McCowner aZ., 1994; BooltinkeraZ., 1999). 
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1.4. Agricultural engineering and precision agriculture 

Over almost two centuries of farm mechanization, labour productivity has increased 
significantly. Currently, on a typical arable farm in the Netherlands, one farmer maintains 
50 ha whereas half a century ago the same area was farmed by 10 to 20 people. The 
extensive use of large machinery combined with an increased field size made this 
possible. In parallel to this mechanization, agronomical research resulted in improved 
crop varieties and cultivation practices. The agricultural production per hectare increased 
but the use of large implements with fixed operation parameters could not cope with 
spatial variability within single fields. Field management aims at maximising production, 
based on soil and crop conditions which a farmer considered to be representative of the 
entire field. Less or more productive areas could not be treated accordingly. 

Developments in sensor technology and electronic control are now changing agriculture 
as mechanization did a century ago. Electrically controlled actuators on implements allow 
adjustment of operating parameters 'on the go'. The use of a positioning system is crucial 
in adapting field operations to local soil and crop demands (Stafford & Ambler, 1994). 
Sensor technology, systems control and information technology are three research areas 
becoming more important in agricultural engineering, although they should not be 
treated as mere technical solutions. Particularly within agricultural engineering, 
technology facilitates agricultural production. Close cooperation with disciplines such as 
agronomy, soil science and farm economics is essential in order to improve farm 
technology in such a way that farm production will remain economically viable and will 
operate within boundaries set by society. 

The availability of a global position system (GPS) became the key technology to enable 
precision agriculture. The initial implementations of precision agriculture equipment used 
satellite based positioning systems together with grain yield sensors and variable rate 
technology (VRT). With regard to yield maps, three basic questions arose, which are still 
under discussion: 

(1) What is the spatial resolution? 
(2) What is the accuracy? 
(3) From where do the differences originate? 
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Traditionally, the engineer would focus on the resolution and accuracy whilst the 

agronomist would discuss the resulting yield levels. It is clear, however, that there must 

be a strong interaction between engineering and agronomy in order to provide useful 

answers. Yield measurement resolution and accuracy certainly limits or sets the scale at 

which a crop response can be evaluated. On the other hand, agronomy might define 

operating criteria that a yield sensor has to meet to be able to produce valuable 

information. A similar interdisciplinary approach is required for variable rate technology; 

that will be discussed in more detail in the chapters on the design of a robust positioning 

system and on the determination of required fertilizer spreading accuracy. 

The increased use of sensors to quantify soil and crop properties in detail requires a 

robust information system design to optimise use of data. Standard geographic 

information systems (GIS) can be tailored to store information about farm specific 

operations. Not only the storage but also the automated use of spatial data in variable 

rate technology requires standardisation of data exchange in agricultural systems. Over 

the last decade, standards for data exchange between farm management and mobile 

computers and for data exchange between electronic control units on agricultural 

equipment are being developed (ISO, 1994). Although standardisation progresses, the 

lack of a globally accepted standard for data exchange at farm operational level is still 

one of the limiting factors in the adoption of precision agriculture techniques by farmers 

today. 

1.5. Research scope 

The previous section showed that contributions from agricultural engineering to precision 

agriculture are likely to come under one of the following themes: 

(1) development of sensors and measurement techniques to quantify crop and soil 

status; 

(2) development of implements suitable for site specific field management; 

(3) determination and improvement of accuracy and reliability of sensing systems and 

implements both spatially and temporally; and 

(4) design and implementation of field management systems that incorporate or 

facilitate knowledge and information exchange with the farm environment, i.e. farm 

suppliers, consultants, research, etc. 

10 



Chapter 1. Introduction 

This thesis focuses on developments regarding improvement of N-fertilizer application 
by means of site specific technology. The research was conducted within the framework 
of a European Union AIR project 92 1204 'Reduced fertilizer input by an integrated 
location specific support, monitoring and application system'. The general objective of 
this project was the development of a support system for efficient and reduced utilisation 
of N-fertilizer. The reason for restricting the project to nitrogen was the mobile 
characteristic of nitrate in soils, the related risk of leaching and the economic value or 
possible profits when compared to other fertilizers. With regard to the previously 
mentioned agricultural engineering and precision agriculture themes, a number of work 
packages were defined in the project: 

(1) Development of sensors and measurement techniques: 
(a) development of a positioning system; 
(b) development of sensors to monitor crop development; and 
(c) development of yield mapping systems. 

(2) Development of implements suitable for site specific field management 
(a) development of a site specific fertilizer application technique. 

(3) Determination and improvement of accuracy and reliability 

(a) evaluation of a robust positioning system; 
(b) investigations of the accuracy of yield mapping; and 
(c) evaluation of fertilizer application accuracy. 

(4) Design and implementation of field management systems 
(a) information model to construct a fertilizer management support system. 

1.6. Research objectives 

Based on the interactions depicted in Fig. 1.5 and restricted to the scope formulated in 

the previous paragraph, the general objectives for this thesis are: 

(1) development of the essential components for a site specific N-fertilizer system; 
(2) evaluation of the accuracy of the measurement systems and application components; 
(3) determination of the required spatial resolution of the components. 

11 
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The development of many new techniques and components is often accompanied by the 
question: "how does this technique or component contribute to the agricultural system". 
To answer this question for an individual component is often not possible: sometimes a 
new technique will cause a chain of reactions resulting in major changes to an 
agricultural system as is happening to positioning components. For other techniques such 
as individual sensors, however, it is possible to evaluate whether the generated 
information is worthwhile for farm management. A more specific objective of this thesis 
is to discuss the components developed and their value for a precision agriculture farming 
system. 

1.7. Thesis outline 

Three chapters in this thesis will discuss subjects mentioned in the work packages of the 
EC-AIR project. Chapter 2 starts with a basic technique, positioning, and is dedicated to 
improve reliability and accuracy of positioning systems for precision agriculture. This 
project was carried out in cooperation with EC-AIR project participants in the United 
Kingdom (Stafford & Bolam, 1996) and in France. Chapter 3 will discuss a technique to 
support soil type mapping by means of plough draught measurement. Although this is not 
directly an EC-AIR project work package it fits nicely within this thesis as a precision 
agriculture technique integrating and supporting data from soil science and agricultural 
engineering. Chapter 4 continues with the development of a site specific fertilizer 
application and monitoring technique. Required enhancements to a standard pneumatic 
fertilizer spreader for site specific field operations are discussed. After implementation, 
the spreader has been used in field trials which were part of the EC-AIR project. Chapter 
5 moves from farm machinery to farm management systems as it focuses on an 
information system for site specific field operations. Based on an information model 
(Goense et ah, 1996), a database was implemented to facilitate information exchange 
from sensor systems to field management. The scope of the information model also 
comprised the use of crop simulation models. Data generated by sensor systems and soil 
monitoring had to be stored safely while fertilizer management required the possibility 
to simulate fertilizer application scenarios. Chapter 6, Discussion and Conclusions reflects 
on the research objectives and discusses the contribution of work presented in chapters 
2 to 5 to precision agriculture. 

12 
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Abstract 

The design, test and results of a positioning system consisting of a differential global 

positioning system (DGPS) receiver, a radar velocity sensor, a wheel velocity sensor and 

an electronic compass are discussed. The characteristics of the individual sensors were 

investigated and with these results a Kalman filter was designed to integrate the different 

signals into a single estimate of position, velocity and heading. Field tests were conducted 

to investigate both the real time performance of the system and the robustness against 

distortions caused by malfunctioning of the sensors. An extended Kalman filter was found 

to improve accuracy of positioning and was able to bridge gaps in position information 

due to blockage of the DGPS receiver. The position measurements from the DGPS 

receiver had a standard deviation of 1.18 m. The use of a nine state filter reduced the 

standard deviation of positioning to 0.71 m. On a track which ran along a line of trees 

and between buildings, the filter was able to maintain position for 12 s, while the DGPS 

receiver lost satellite fix. 

Keywords: Precision Agriculture, Global Positioning System, GPS, Dead Reckoning, 

Kalman filter. 
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2.1. Introduction 

Precision agriculture is one of the descriptions for a crop management method in which 
spatial and temporal variations within fields are identified and analysed in order to 
optimize the agricultural production process for both profitability and sustainability, 
(Robert et al, 1994). An essential part of this site specific crop management is the use 
of positioning systems on agricultural machinery. Recent research has shown that 
positioning based on satellite signals offers good possibilities for machinery operating 
under field conditions (Stafford & Ambler, 1994). With sufficient satellites 'in view', such 
a system is able to determine its horizontal position with an accuracy from several meters 
down to one centimeter, depending on the signal processing mode (Larsenet al, 1994). 
Despite these promising accuracies, the major drawback of a positioning system based 
on satellite signals is the reliability. When, for instance, obstacles such as trees and 
buildings block the satellite signals, positioning becomes difficult and can lead to erratic 
results. In a precision agriculture context, field operations such as fertilizer application 
or herbicide spraying relate the application rate to a specific site in a field. These Variable 
rate technology' (VRT) based operations require a reliable continuous update of 
implement position. 

Another type of navigation is to measure the dynamics of the vehicle to reconstruct 
the followed track. This positioning method, known as dead reckoning, works without 
the use of external beacons such as satellites. In aviation, several accelerometers, 
integrated into an inertial navigation system (INS), reconstruct a followed trajectory 
(Hofman et al., 1992). For navigation on land and sea, the combination of travelled 
distance with the measured heading or steering angle is used to estimate position from 
a known starting point (Auernhammer & Muhr, 1991). The advantage of a dead 
reckoning method is that it is not dependent on the presence of external beacons. 
However, over a longer period of operation, degradation of accuracy is inevitable and this 
is the major drawback of dead reckoning. Another point of concern is that calibration of 
dead reckoning sensors is required. With the characteristics of the two positioning 
methods, i.e. with beacons or without beacons, combined, it is possible to construct an 
even more reliable positioning system with long term, stable accuracy. 

The object of this study is to design a positioning system that is able to provide an 
accurate position, velocity and heading under field conditions. In order to avoid incorrect 
application rates, both accuracy and reliability of these quantities must be estimated in 
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real time by the positioning system itself. Another function of the positioning system is 

the calibration of individual sensors, such as odometer, gyroscope and flux gate compass. 

The positioning system is intended for agricultural applications which require 

different application rates of, for instance, fertilizers, at different locations in a field. 

Position errors might lead to the application of incorrect doses with respect to these 

locations. As the application rate is directly related to velocity according to Eqn (2.1), 

velocity errors must be minimized. 

Fnto = — — W V (2-1) 
"** 10000 

where: Fma is the application rate in kg/s; Fdose is the application dose in kg/ha; W is the 

applicator width in m; and V velocity in m/s. 

A correct heading measurement is required to calculate the position of the applicator's 

sections relative to the position reference point. To ensure correct application rates, a 

fault detection method must detect when accuracy of one of the measurements drops 

below a specified limit for the particular field operation. 

2.2. Kalman filtering 

The term filtering generally refers to methods to remove unwanted components from a 

signal. Analog filters, limited by their actual implementation, were usually designed to 

just remove high frequency noise. Digital filters can handle more complex signal 

processing tasks. A digital filter contains an algorithm that acts on a sequence of input 

values producing another sequence of output values. 

Navigation is one of the areas in which the Kalman filter procedure has proven its 

usefulness (Hofman er al, 1992). Enhancements of the Wiener filter around 1960 by 

Kalman resulted in a filter which theoretically is the optimal estimator to linear-

quadratic-Gaussian problems (Grewal & Andrews, 1993). While originally designed to 

be used on linear systems, an extension to the algorithm more widely known as the 

extended Kalman filter (EKF) was made (Schmidt, 1966). 

The starting point of the Kalman filter is the state space model of the dynamical 

system. In the case of a positioning system, a discrete time state space model without 

control inputs is used: 
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xk+i = $ x k + Gkwk 

zk = h(xk) + vk 

where: xk = [ Sx Vx A,, Sy Vy Ay ]T is the state vector; zk = [ S^ S^ Vw Vr occ ]
T is the 

measurement vector; wk is the system noise and vk is the measurement noise. 

Other symbols are defined in the Notation. In addition, the system matrix <?is given by: 

*= 

rl 

0 

0 

0 

0 

0 

?s 

1 

0 

0 

0 

0 

2 s 

T. 

1 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

Ts 

1 

0 

0 

0 

0 

2 5 

Ts 

1 

where Ts is the sampling interval. The noise matrix G is specified as G = [0 0 1 0 0 1]T. 

Notice that the system noise is specified only for the unknown acceleration terms. 

A nonlinear vector h(xk) Relates the states to the measurements and is defined as: 

h(xky-
H 2 . y2 

y 

M+ Vy 
Vx 

arctan(^^) 
y 

However, for the implementation of the EKF this function has to be linearized with 

respect to the state variables. The linearization is performed around the previously 

estimated values,'so that the observation matrixHj. takes the following form: 
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On the basis of the linearized state space model, the EKF prediction and correction steps 
for the specific problem can be implemented as follows. 
Prediction step : 

*k/it-i = * * t - i 

Correction step: 

**= V i ^ ' ^ V i ^ * KJ"1 

*m = *m-x + KkK ~ h&k/k-01 

V = P " **Hd*Vi 

In the first step X ̂ . j denotes the prediction of xk given xk.j. The 6x5 matrix 1̂  is called 
the Kalman gain matrix, which weights the effect of the prediction error [zk-h( x ^.j)] 
on the final estimate St k/k. The matrices Qk and Rk are the covariance matrices of the 
system noise wk and the measurement noise vk, respectively. These covariance matrices 
are defined as: 

. . r, iQk,i= k 
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In this particular case Qk is a 6 x 6 diagonal matrix and Rk is 5 x 5 diagonal matrix. For 
further interpretation of the filter and specific implementation aspects the reader is 

r, JV=k 
£ [ v * v ' ] = i W r t 

referred to (Grewal & Andrews, 1993) and (Bierman, 1977). 

2.3. Experiment architecture 

Two different GPS receiver sets were used in the experiment. The first one, mounted on 
the tractor, is a coarse acquisition code receiver with an accuracy of 2-5 m r.m.s. in 
differential mode. The second GPS receiver set was used to digitize the validation track 
of the field trials. This receiver uses carrier phase information of the satellite signals to 
enhance accuracy to 1-2 cm in the horizontal plane in differential mode. A more 
comprehensive explanation of different GPS receivers and signal processing modes is 
given by (Kriiger et al, 1994) and (Hofman et al, 1992). 

The dead reckoning method was based on wheel velocity, radar velocity and compass 
heading. Wheel velocity was measured by an inductive sensor which counted rotations 
of the driving-axle. A second velocity measurement was acquired by a standard radar 
device. The compass heading was measured with an electronic flux gate compass 
mounted on an aluminium boom to minimize magnetic interferance. The characteristics 
of the individual sensors are discussed in Section 2.4. 

Figure 2.1 shows schematically, the structure of the positioning system. The sensors 
for position, velocity and heading were connected to a personal computer based data 
acquisition system equipped with analogue to digital conversion, counter inputs and RS-
232 port. The datalogging rate for the GPS receiver was restricted to the maximum 
update rate of 4 Hz. Velocity and heading measurements were acquired at 40 Hz sample 
frequency. 

The individual sensors were analysed by examination of the logged data from several 
experiments. The experiments covered both different tractors and different road and field 
conditions. The in-field validation track, mapped in cartesian coordinates of the map 
projection for the Netherlands, is depicted inFig. 2.2. Alongside this validation track, ten 
reference points were marked by a pole and digitized in the data files through the 
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Fig. 2.1. Components of positioning system 

interruption of a light bridge on the tractor. On each validation run, the tractor started 
at a reference point marked as the start point, travelled along the southermost path to the 
turning where it completed a turn of one and a half circles before returning along the 
northern path to stop at the start point again. Different runs at different velocities were 
conducted during which all data was stored on hard disk. Manual modifications to the 
data made it possible to simulate disturbances of sensor signals and to evaluate the filter 
response. Of the various Kalman filter designs, three different filters are discussed in 
Section 2.4. A real time version of each filter was implemented on the personal computer 
to operate on a tractor. However, the results, presented in Section 2.6, are based on 
postprocessing of the data stored during the validation runs. 
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Fig. 2.2. Validation track with marked (o) reference points 

2.4. Sensor analysis 

2.4.1. Global positioning system 

The C/A (coarse acquisition) code differential GPS system consisted of a NavstarXR5M-6 

channel rover and a Navstar XR5M-12 channel base station connected by an UHF data 

link. The position information from the rover was updated at 4 Hz. The data string from 

the rover contained the following information: 

(1) Position (WGS-84 latitude, longitude and altitude); 

(2) GPS time and date; 

(3) GPS velocity (km/h); 

(4) GPS heading (degrees); 

(5) Receiver operational mode; 

(6) PDOP (positional dilution of precision); and 

(7) Identifiers of the satellites used to calculate solution 

Position data was converted from WGS-84 coordinates to a local cartesian system in 

meters. This datum transformation was required as the state variables of the filter were 
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defined in a cartesian coordinate system. For Dutch geodetic coordinates, the conversion 
procedure and its parameters are described by (Strang van Hees, 1994) and implemented 
in the data acquisition software. The GPS velocity and heading were calculated in the 
receiver by comparing subsequent position measurements. At low velocities (<1 m/s), 
these data were rather inaccurate because of the small displacements between position 
measurements and the errors of the individual measurements. At velocities greater than 
1 m/s, the heading was sufficiently accurate to calibrate the electronic compass. The 
receiver operational mode allows the user to check the status of the receiver. Operational 
modes varied between 'no fix' where positioning by GPS is impossible and 'differential 
three dimensional' for the most accurate (2-5 m r.m.s.) positioning in both horizontal 
plane and vertical height. The different operational modes required different error 
modelling of the GPS signals. The PDOP is the estimated accuracy of the position 
measurements, based on the geometry of the satellites in view. Low values of PDOP 
indicate that the satellites used to calculate the position are all in different directions 
across the sky. A high PDOP value indicates that all visible satellites are in the same area 
of the sky, either due to obscuration of satellite signals from other directions or due to 
malfunctioning of a satellite itself. Similar to the operational mode, the PDOP value was 
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Fig. 2.3. GPS errors on the validation track; x position error (x) and y position error (y) 
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