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Preface 
 
 
 
The importance of 3D-position sensors for the navigation of machinery on construction sites of roads, 
tunnels, railways, and airports has been steadily increasing over the last few years and the market 
keeps growing. Also, in the field of agricultural GPS-based applications, such as machine guidance, 
parallel tracking and yield mapping, new methods are introduced.  
 
The main goal of the 1st International Conference on Machine Control & Guidance was to initiate the 
discussion of these topics among academics, researchers, system and service providers as well as 
users. The idea was to start a new conference series. The positive feedback on the first conference 
confirms the great interest on the topic of Machine Control & Guidance. As a consequence, the MCG-
conference is now held for the second time. 
 
This year, the conference will be hosted by the Faculty of Agriculture of the University of Bonn. 
Because of the traditional relationship between the Institute of Agricultural Engineering and the 
Institute of Geodesy and Geoinformation the agricultural applications are one focus of the conference. 
 
Further thematic highlights of the 2nd Conference on Machine Control & Guidance are: 
 

- Global Navigation Satellite Systems (GNSS) 
- Inertial Navigation Systems (INS) 
- Multi-Sensor-Systems 
- System Control and Management 
- Intelligent Mobile Machines 
- Agricultural Applications 

 
 
The organisers look forward to a variety of presentations, which will bring about fruitful discussions. 
Thus, this meeting will be a good opportunity to strengthen interdisciplinary cooperations between all 
participating communities. Finally, we would like to thank all authors, attendees and interested persons 
for their individual contributions.  
 
 
 
 
 
Bonn, February 2010                
 
 
 
 
 
 
 
 
 

 
 Peter Schulze Lammers               Heiner Kuhlmann 
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RTK Networks for competitive advantage in Machine 
Control and Site Positioning 

 
Dr. Ryan Keenan1, Björn Beutelspacher2  

1Hexagon Machine Control Division, Sweden 
2Leica Geosystems AG, Switzerland 

 
 
Abstract 
As technology advances and the number of construction applications requiring high-precision position 
attributes increases, contractors increasingly require spatial data services with higher accuracy and 
availability.  Moreover, spiralling machine fuel, labour and material costs are increasing the focus 
towards productivity tools and construction accuracy.  Positioning equipment manufacturers have 
responded by developing advanced machine control systems capable of using positional information 
from a variety of sources, including conventional terrestrial total-stations, single- and dual-grade 
lasers, and increasingly real-time GNSS positioning. 
 
Increasing numbers of construction projects thus depend on continually-available positioning signals, 
and the latest development in ubiquitous, network RTK – whereby the temporal and spatial errors 
affecting GNSS signals over a specific region, are estimated through sophisticated algorithms in order 
to generate real-time error corrections unique to the network area.  These RTK-GNSS networks are 
thus able provide high-quality, high-accuracy and high-reliability coordinates and corrections via 
various communication channels and protocols, for use across entire metropolitan regions, and 
construction project areas. 
 
As a result, networks of RTK stations have caught the attention of contractors and consultants for their 
scalability, flexibility, stability and reliability whilst supporting spatial services.  Those corporations 
responsible for these operation and management of large construction and engineering projects, are 
becoming aware of the competitive and fiscal advantages that RTK networks can bring as the most 
important infrastructure component in their projects.  Thanks to the establishment of a GNSS reference 
station network, with their inherent high accuracy services and corrections based on a consistent 
geodetic coordinate datum, the fundamental coordinate control infrastructure for any construction 
project is already in place. 
 
Not only do surveying, GIS and mapping activities benefit from this fundamental infrastructure in 
terms of faster data acquisition and position updates, but also many other real-time applications, such 
as telematics, fleet management, and production control.  The clear fact that all of these activities can 
be performed in a more efficient manner is an emerging force-multiplier in terms of market 
acceptance. 
 
Leica Geosystems, a pioneer in both network RTK positioning and machine control systems, has 
recognised the clear benefits that positioning infrastructure brings to improving the operational 
performance as well as the usability of reference networks to provide the competitive advantage for 
3D machine control applications.  This paper outlines these advantages as well as the fiscal benefits 
that can result from taking full advantage of the power of RTK networks. 
 
Keywords 
GNSS, machine control, network RTK, productivity, telematics. 
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1 INTRODUCTION 
An engineering design can only be of benefit to its ‘digital architects’ and machine operators when the 
data it contains is accurate and reliable – a true representation of the real world environment it will 
portray.  In terms of spatial accuracy, the specifications for engineering projects can range from large 
scale mapping at the metre level for asset management and environmental applications, through 
decimetre and centimetre for cadastral surveying and engineering construction, up to millimetre level 
for high-precision engineering and deformation monitoring tasks (Keenan et al, 2005).  Consequently 
at all times, the accuracy of the position information, also termed spatial accuracy, is the defining 
characteristic of the design’s worth or value and a key requirements for demanding machine control 
applications.  The currency of the data can be described as its temporal accuracy – the time at which 
the attribute had a specific spatial accuracy. 
 
One technology that is helping contractors to meet the spatial accuracy demands in network RTK 
(nRTK).  The motivation for combining multiple GNSS reference stations into a real-time network 
(RTN) is to model and correct for distance-dependent errors that reduce, in proportion to the distance 
from a rover to its nearest reference station, the accuracy of conventional RTK-derived position.  The 
most significant sources of error affecting precise GNSS positioning are the ionosphere, troposphere 
and satellite orbits.  These three error sources can be categorized in two groups: dispersive and non-
dispersive.  The ionosphere is a dispersive error because the magnitude of the resultant error is directly 
related to the frequency of the ranging signal (L1, L2, L5), and its influence on GNSS is well 
understood.  The ionosphere, which is subject to rapid and localised disturbances, is the main restrictor 
to the density of stations in a reference network.  Conversely as they are not frequency-dependent and 
have an equal effect on all ranging signals used by current (and proposed) GNSS, the troposphere and 
orbit errors are classified as non-dispersive. 
 
After the error modelling and representation has been performed, corrections are finally generated that 
account for these error sources and they are then transmitted in the form of real-time network RTK 
(nRTK) corrections to rover users so that they may derive positions with a higher accuracy than with 
conventional RTK.  There has been much published about RTK networks, including Euler et al (2001) 
and Brown and Keenan (2005), with detailed discussion about the various methodologies and 
performances of such important infrastructure (Newcastle University (2008), Leica Geosystems 
(2008), and Janssen (2008)).  Leica Geosystems has been heavily involved in the development of the 
RTCM 3.0 network RTK messages from the outset (Euler et al, 2001), and is fully committed to the 
official internationally accepted standard for network RTK corrections. 
 
Several independent reports have identified the massive potential that machine control (MC) and 
network RTK technologies have for the coming years, such that “the value of precision GNSS systems 
used for industrial applications such as machine control in agriculture and civil engineering shall 
exceed that of precision GNSS for traditional uses such as surveying and science for the first time.“ 
(Position One, 2008).  During 2008-12, Machine Control applications for precision GNSS are forecast 
to grow at a Compound Annual Growth Rate (CAGR) of 23-28% whereas the growth in non-machine 
Control applications is forecast at 16-21% CAGR.  Moreover the expanding global base of precision 
GNSS users (estimated at more than 300,000 in 2008) is encouraging government and the private 
sector to invest in precision GNSS infrastructure.  The growth of infrastructure and its associated data 
services will be a significant feature of the precision GNSS landscape in 2008-2012.  Indeed, precision 
GNSS data services are forecast to be the fastest growing component of the value chain with a CAGR 
of 33-38%.” (Position One, 2009).  A research report from Berg Insight (2010) states that at the end of 
2009, 1.4 percent of the mobile network connections worldwide were used for wireless machine-to-
machine (M2M) communications, as featured in typical telemetry systems, and this figure is projected 
to reach 3.1% by 2014 – over 180 million connections. 
 
This paper discusses the competitive advantages - both functionally and fiscally - that a RTK network 
brings to machine control, engineering and asset management applications requiring high-precision 
real-time positioning. 
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2 MOTIVATION FOR REAL-TIME NETWORKS IN MACHINE 
CONTROL 

The ongoing construction worldwide of new infrastructure requires the establishment of a reference 
coordinate control framework to support surveying specifically for the construction of the project.  
Every country that has been, or is, embarking on a redefinition of their national reference frame has 
done so making use of GNSS technology, typically in the form of an active reference station network 
(RSN) and the approach is applicable to engineering projects also. 
 
A network of such continuously operating GNSS reference stations (CORS) is more efficient than a 
traditional terrestrial triangulation and traverse network.  Although they are typically more precise than 
GNSS systems for site surveying, the limitations of opto-electronic total stations for dynamic machine 
control applications make them unsuitable as the only 3D MC positioning system as follows: 
• Limited distance of operation, due to the strength and accuracy of EDM measurements. 
• Unable to operate through thick fog, rain or dust, as often experienced on-site. 
• Susceptibility to obstructions (either site, vehicular or personnel). 
• Risk of damage to and theft of total station equipment on-site. 
 
As the CORS can be set-up at convenient locations over the area where they are needed, the geometry 
of the RTK network is not as critical as with traditional networks, and the achievable accuracy is 
higher and more consistent.  By default, the information (whether data, corrections or final positions) 
supplied by RTN is provided in a consistent global satellite datum, typically WGS84 (in some cases 
ITRF2000 or later).  This datum and its parameters are well-known, many national coordinate 
reference frames are derived from it, and GNSS surveying systems are well equipped to cope with this 
datum, and transformations based upon it.  Once the datum is defined, all surveying of a construction 
project is linked to this datum.  Consequently, with the establishment of a real-time control network 
system, construction tasks can be accelerated because of the improved survey control, active control 
can be provided given that the majority of traditional survey control points on-site may be seriously 
damaged, and finally networked RTK correction services can support all contractors. 
 
Recent developments in networked RTK rover solutions, such as Leica Geosystems’ SmartRTK 
featuring atmospheric decorrelator technology and observation optimisation techniques (Takac and 
Lienhart, 2008), are further improving the homogenous positioning accuracy and precision of GNSS 
solutions yielding more fixed rover positions.  These advances have been facilitated by using the MAC 
network RTK approach, as realised in the RTCM v3.1 standard for differential services (RTCM, 
2007). 
 

2.1 Functional Benefits of RTK Networks 
The operational benefits of these technologies are well-chronicled by various organisations including 
Ordnance Survey GB and Oregon Department of Transportation, but for reference purposes shall be 
summarised here as follows. 
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Table 1: Functional Benefits afforded by RTK Networks 
BENEFIT DEFINITION AND EXAMPLE 
Accuracy Positional accuracy – the degree of closeness of calculated positions to the truth 

position – is improved as the distance-dependent component (ppm) is reduced 
significantly through network processing, providing more homogenous 
positioning accuracy at different distances from the stations. 

Reliability The reliability of RTK rover ambiguity fixed positions is improved, even when 
operating at long ranges and under difficult ionospheric conditions.  Permanent 
stations, fixed communication lines, and redundant server architecture ensure 
near 100% availability 24/7.  Conversely, local bases are subject to outages and 
have no redundancy. 

Availability The proportion of time a system is in a functioning condition. The time needed 
for RTK position fixes is typically reduced, particularly under difficult 
ionospheric conditions and at longer ranges.  As the range of RTK is increased, 
reference stations can be further apart. Thus fewer stations are needed to provide 
RTK coverage for a given area. 

Stability Networks are monitored continuously for station movements, thus ensuring that 
they truly define the correct reference datum. The application software is 
designed for distributed architectures with automatic data archival and backup 
servers. 

Scalability The ability for the technology to accept increased workload without impacting 
performance Supporting GPS & GLONASS, and future systems such as 
GALILEO and COMPASS. 

Flexibility Centralised RTN software should be able to support multiple users and 
applications simultaneously, including conventional RTK & DGPS, and 
networked services – nRTK & nDGPS, as well as new applications. 

Compatibility The most powerful network software system incorporates data from legacy base 
stations, as well as providing standardised RTCM correction information at 
various rates in various formats.  Supports various communication protocols 
such as cellular (including GMS/GPRS, CDMA & HSPA), radio (UHF & VHF), 
TCP/IP (NTRIP). 

 

2.2 Fiscal Benefits of RTK Networks for Machine Control 
These benefits directly relate to the reduction of operational expenditure and are summarised here. 

Productivity 
Getting the job done quicker normally equates to spending less time performing the job; translated into 
machine control terms, it typically means achieving grade specifications with fewer passes.  Fewer 
passes means less driving and ultimately lower machine costs, and faster completion times.  Typical 
3D machine control (MC) systems such as Leica Geosystems’ PowerGrade 3D using RedLine GNSS 
positioning technology, can operate in ‘Indicate’ or ‘Auto’ modes; the former provides visual signs to 
cut or fill according to the design.  The latter involves the MC system automatically controlling the 
machine hydraulics to ensure that the blade is always ‘on grade’.  Even the use of ‘Auto’ systems can 
lead to consistently high levels of productivity as they don’t suffer fatigue as human operators do. 

Reduced Labour 
A major component of any construction project costs is labour, and no less so for MC applications – 
whether it is machine operator, vehicle driver or site surveyor.  With the use of 3D machine control 
systems, the need for field surveyors to ‘check grade’ is greatly reduced, thus saving considerable 
labour costs.  With a fully calibrated machine, the bucket or blade’s cutting edge essentially becomes a 
real-time 3D coordinate measuring tool.  For certain applications, once the machine has been 
calibrated successfully, the need for grade-checkers can even be eliminated because of machine 
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control.  No longer must machines idle unproductively while a surveyor travels across the project to 
check the grade, and provide feedback to the operator as to whether another pass is needed.  These 
benefits clearly affect productivity and efficiency on site, while reducing costs (fuels, setting out, 
equipment rental and costs etc). 

Materials 
As the prices of most raw materials have increased steadily over the last years, the significance of 
achieving grade to tighter specifications than ever before has focussed the application of 3D machine 
control to help minimising production costs.  For example, tightening the specification of sub-grade by 
1cm on a 10m wide carriageway would save approximately 100m3 of material per kilometre of 
highway.  Factor in the relevant costs of different materials used in the particular construction process, 
and this adds up to considerable additional savings of the overall project costs. 

Fuel and Servicing Costs 
Now a regular headline worldwide, the variable costs of fuel, motor oil and servicing are major 
expenses in project costs.  Even with the U.S. Energy Information Administration’s slightly optimistic 
Reference Case projection, the price of crude oil could increase by over 30% in the next 20 years 
(Reference International Energy Outlook 2009), and diesel fuel costs likely higher so because of 
refining costs.  For mega-projects that involve considerable numbers of machines, such as mines and 
earthworks, transportation may count for up to 50% of total operational costs (Leica Geosystems, 
2010).  Having an overview of all these machines wherever they are on-site, and the ability to monitor 
their fuel consumption and engine performance, brings many advantages to optimise their utilisation 
and productivity. 

Safety 
The term ‘safety of life’ is well-known in the navigation markets of aviation, shipping and 
transportation, and as a result of legislation, is becoming commonplace in construction projects.  
Consider the deluge of paperwork with having one or more grade-checkers injured whilst working 
around large earthmoving machines.  For those tasks where a site surveyor must be in the dirt (i.e. 
setting out), then making use of a RTN can be more efficient than using local bases because of the 
higher availability of RTK corrections and services from the network.  With faster initialisation times 
thanks to the network, grades can also be checked quicker and machine idle times can be reduced. 

3 DEMANDS OF MACHINE CONTROL AND SITE POSITIONING 
The benefit of making design models available to the machine operators is that they provide the most 
efficient basis for visualizing the target designs from within the machine.  Operators are then informed 
about the different grades and features of the project, allowing them to decide how best the materials 
should be modified according to local conditions in order to achieve grade.  Two major challenges to 
this are those of data fidelity (correctness) and data access; fidelity ‘on grade’ can be achieved through 
use of the RTK networks, and design model access through the use of telemetry systems.  The 
machine control market segments of precision agriculture and mining, should not be forgotten in terms 
of their demands of precise positioning and data transfers. 
 
Increased productivity with lower costs 
Agriculture technologists were quick to identify and embrace the technology of precision GNSS 
specifically to help lower operational costs and improve yield management - the process of 
understanding, anticipating and influencing crop growth in order to maximize output from a fixed, 
perishable resource.  With the relevant measurements and information, farm managers can take 
informed decisions in a multi-billion dollar industry that is trying to produce maximum yield (crop & 
profit) with minimal OPEX (fuel, machines, fertilizer).  For agronomy, a main aim is for improved 
repeatability of the measurement so that users, such as farmers, can realize precise “pass-to-pass” 
navigation for applications requiring a high level of precision such as tractor auto-steering.  Just like in 
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MC applications, reducing the number of passes means lower vehicle and fuel costs, leading to 
increased profitability. 
 
RTK corrections are typically provided over radio to these Precise Ag users, however there is a rapidly 
growing demand and availability of access to network RTK corrections over cellular links.  
Agricultural dealers and network providers are now investing considerably in marketing their network 
services to Agricultural operators.  An example is SmartNet Australia, distributing network RTK 
corrections to key growing regions (SmartNet Australia, 2010). 
 
Remote Connectivity 
One major benefit of centralised RTK services for Site positioning, is that of telemetry – the 
connectivity from a remote location to a field computer inherently afforded by the RTK 
communications device.  This connectivity can be classified in three forms: 

1. between Office and Field (O2F) – typically a field surveyor, 
2. between Office and Machine (O2M) and  
3. between machines (M2M). 

 
A prime example of remote connectivity adding more benefit to the customer experience is Leica’s 
VirtualWrench. This is the Ag industry's first web-based remote service (O2M) and diagnostics tool 
available exclusively to Leica Geosystems authorized technicians to remotely support Leica mojoRTK 
customers in their machines. 
 
Telematics as a leading-edge real-time field technology, has greatly impacted the mining industry to 
increase site productivity and machine uptime, whilst lowering the associated operational 
costs.  Given the increased demand for natural resources, having the ability to fully integrate high-
precision guidance all into a single fleet management solution makes extremely good sense in 
order to optimise production control.  With the adoption of scalable GNSS-based mine 
management solutions (incorporating telemetry systems), mine operators are empowered to 
use their assets optimally and to demonstrate their production competitiveness within the 
mining industry. 

4 DATA FUSION AND APPLICATION FUSION 
Bringing together RTK correction information via the telemetric communication links to improve 
spatial accuracy, is only one part of the overall solution – the other is optimizing resources to achieve 
the accuracy.  The importance of GNSS position information from 3D machines must not be forgotten 
when considering Telematics applications – even though telematics and fleet management type 
applications use position as attribute information rather than the main tool.  Production control in 
terms of 3D MC, is defined as the ability to review the current status of engineering operations, 
analyse the unproductive procedures, and action optimisations.  One such production control 
application is the Viewserve Construction suite, which is well-established in Scandinavia for providing 
specific functionality tools for the construction manager to analyze activities and make informed 
decisions in order to improve site productivity. 

Advantages of Production Control Systems 
Monitoring, supervising and coordinating construction works to ensure achievement of planned 
progress. 

• Increase efficiency and productivity with collected data 
• Identify bottlenecks and areas of improvement 
• Manager’s tool for better communication with sites 
• Better control of current performance 
• Monitor vehicle/driving behaviour 
• Reduce idle time and cut costs 
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Figure 1:  The Process Cycle of Production Control using Telematics (after Viewserve, 2010) 
 
As indicated in Figure 1, there are three main steps within the Process Cycle of Production Control 
using Telematics. 
1) Measurement: 

• Automatic collection of data (position & sensor) from vehicles (machines & fleet). 
• No interaction required of drivers. 
• Positional data displayed via a web portal. 

2) Analysis: 
• Use Viewserve reports to analyse data, raising alarms of outages. 
• Management reports. 
• Identify areas of productivity improvement. 

3) Action: 
• Identify measurable KPIs relevant to the tasks. 
• Take adequate actions to reach KPIs. 
• On-site management (training and information to drivers) – e.g. reassignment to another area. 

 
Using a common example of Idle time Analysis, where a fleet of machines is idling for around 
10 minutes per hour, the implementation of production control system could help to reduce the amount 
of time lost during excessive idling, and reduce operational costs. 
 

Table 2: Production Control Idle Time Analysis showing Cost Savings* 
Running 
hours per 
week 

Running Costs 
per week per 
machine 

Initial Idle 
time & Costs 
per week 

Reduction in Idle 
time per hour 

Total Idle time 
Cost Savings 
per week 

Total Idle time 
Cost Savings per 
week 

60 $2,400 6 hours / $240 

1 minutes 0.6 $24 (1%) 
2 minutes 1.2 $48 (2%) 
3 minutes 1.8 $72 (3%) 
5 minutes 3 $120 (5%) 

 
*Calculation based on average hourly costs of $40 (including: diesel/fuel and oil consumption, cost of 
operator, cost of service hours, spare parts and normal usage) and average of 10 minutes idle time per 
hour.  Based on vehicles consistently using the same route. 
 
As can be seen, the nature of production control lends itself very well to a continuous iterative review 
process – with the reports generated by a production control system, the fleet manager is now able to 
make informed decisions and initiate the necessary actions that would allow to: 

• decrease fuel consumption, 
• decrease wear and tear on the machine – by identifying vehicles using excessive fuel/oil, 
• increase productivity and efficiency,  
• reduce operational costs, and  
• continuously follow and review ongoing progress via the Viewserve portal. 
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While these costings will vary depending on machine type, labour costs and operating behaviour 
amongst others, the general trend of reducing the operational expenditure thanks to more informed 
reporting and decision-making is clear (Talend, 2009). 

5 CONCLUSIONS 
The use of GNSS within the construction arena is not new, however the recent (and current) financial 
crisis has put new focus on the productivity improvements that can be gained from the fusion of high-
precision GNSS positioning together with machine control systems. 
 
It is clear that the combined value of Reference Station Networks to the machine control community is 
immense, not only in terms of providing spatial accuracy and reliability in support of multiple users 
and applications, but also for profitability.  Reference Station Networks and their services provide the 
geodetic coordinate control needed for high-precision positioning as well as supporting a wide variety 
of applications, especially data transfer, telematics and production control.  With the proliferation of 
machine control systems, particularly the visualisation of design data and data telemetry systems, the 
applications of fleet management and production control, become empowered to provide resource 
efficiency, optimised productivity and operational awareness leading to maximum site output. 
 
The standardised use of ‘always on’ internet-connected communication devices on machines – 
whether construction, agriculture, mining or fleet – has facilitated the adoption of telematics within 
these markets & applications, so much so that O2M connectivity is now the norm, rather than the 
exception.  The usage of these communication devices clearly demonstrates the functional benefits – 
accuracy via receipt of network RTK corrections, transfer and exchange of design & job files, tracking 
and more.  In addition, fleet owners and project managers are able to see the current status of 
production derived from these measurements.  By analysing the information afforded by these 
combined systems, managers can make informed decisions and operational changes that will directly 
improve productivity and efficiency.  This in turn corresponds to increased profitability and even 
bonuses for early completion of projects. 
 
On small projects with relatively low numbers of machines, the payback of capital costs for 
technologies of machine control, nRTK, office-field connectivity and fleet management, would 
typically in the period of a couple of years.  Large and mega-projects involving multiple machines and 
vehicles working over larger areas, may yield such productivity improvements to achieve payback in 
much shorter periods. 
 
Hopefully the speculated rates at which Construction projects involving Machine Control will 
proliferate in the future will ring true.  Machine control positioning within construction, agriculture 
and mining is a key activity that demands the accuracy, reliability and availability that RTK networks 
can provide.  The robustness of RTN means that they will flourish as commercial organisations seek to 
enhance data fidelity and information management across their projects.  Establishing the RSN 
infrastructure now will reap dividends later.  Such a network’s permanence as fundamental 
infrastructure means that it not only supports the creation of structures such as buildings, bridges and 
mines, but also their maintenance life cycles, update and expansion - ensuring a swift return on 
investment. 
 
Machine control systems operating within RTK networks will neither become ubiquitous overnight 
nor eliminate the need for grade-checkers and setting-out engineers on every site, however the 
combined use of these systems with site management software, will allow those embracing the 
technology to compete successfully both operationally and profitably by efficiently controlling 
resources and equipment for optimised productivity. 
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Abstract 
GPS is a well established tool in agriculture today. The predominant application of satellite based 
positioning is guidance and automated steering of tractors and implements. Guidance and steering 
systems reduce variable input costs in plant production by 5% to 10%. 
 
Accurate planting and seeding contributes substantially to saving costs. Establishing parallel and 
equally spaced tramlines with an accuracy of at least 5 cm affects the costs of all subsequent tasks such 
as spaying and fertilizing. Therefore RTK accuracy is desirable for almost all tasks in plant 
production. Moreover, RTK accuracy is a prerequisite for advanced farming practices such as strip 
tillage and controlled traffic farming. 
 
RTK correction data is usually provided by local RTK reference stations. Acquiring and operating an 
RTK reference station  involves substantial costs. Correction data is transmitted with radio modems. 
Data transmission is very reliable, however the coverage is limited due to legal constraints of 
transmission power. 
 
RTK networks consist of several RTK reference stations reporting their measurements to an internet 
based server. The server may be accessed on a subscription basis using the NTrip protocol with 
GSM/GPRS modems or a DSL connection. RTK networks cover large areas. The quality of data 
transmission is highly dependant on the availability and reliability of the local GSM/GPRS network. 
 
This article discusses the pros and cons of local RTK reference stations and correction data from RTK 
networks. 
 
Keywords 
GPS, RTK, Agriculture, Guidance, Automated Steering Systems, RTK-Network, NTrip, Data 
Repeater 
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1 INTRODUCTION 
Automated steering systems are designed to keep tractors and implements on predefined tracks. Most 
of the system use GNSS sensors for positioning. The accuracy of the systems therefore largely relies 
on the accuracy of the GNSS sensor. The accuracy of the GNSS sensors is closely related to the 
correction source. 

1.1 GPS Accuracy  
DGPS L1 receivers allow for absolute positioning accuracy of better than 1 m. The track-to-track 
accuracy (relative accuracy within 15 minutes) is on most cases better than 30 cm . Satellite based dual 
frequency correction signals (OmniSTAR XP/HP/, StarFire2) facilitate for an absolute position 
accuracy of 20 cm and a track-to-track accuracy of 5 to 10 cm. 
RTK GPS receivers can determine a position with an absolute and relative accuracy of 2,5 cm. 
However, systematic errors occur when the position of the reference receiver is inadequately defined. 

2 AUTOMATED STEERING SYSTEMS - COST AND BENEFIT 
Automated steering systems can steer a vehicle or an implement with a higher accuracy than a driver 
so that overlaps and gaps are minimized. The input into plant production (wages, machine costs, 
fertilizer, herbicides, seed) is therefore minimized. Input and costs are especially reduced when 
tramlines are established accurately with the required distance during seeding and planting: overlaps 
and gaps during  all subsequent tasks such as spraying and fertilizing are minimized even when these 
operations are performed without guidance. 
 
Moreover, automated steering systems relieve the driver from steering between the turns, especially at 
times with poor sight conditions. The operator can thus pay more attention to monitoring the operation 
of the implement. Increased operator attention results in better quality of operations is and a reduction 
of downtime due to damages.  

2.1 Economy of Automated Steering Systems 
Some effects of automatic steering on the economy of plant production such as increased operator 
attention in on the implement cannot be appropriately quantified. However, the reduction of overlaps 
and gaps has been thoroughly investigated (e.g.: Frank e.a., 2008). Automated steering systems save 
between 5% and 10% of the production costs for small grains. Assuming that total costs are 500 
EUR/(ha x a) , automated steering systems reduce the costs by 25 to 50 EUR/(ha x a). The period of 
amortization depends on the farm size and the depreciation of the steering system.  
 
Frank e.a. (2008) have investigated the relation between the costs for automated steering systems and 
farm size (Figure 1). Frank only investigated systems applying satellite dual frequency corrections and 
RTK corrections. Automated steering systems using DGPS receivers only were not considered to be 
accurate enough for planting and sowing. DGPS based automated steering only being fit for cultivation 
and herbicide applications prior to planting require large acreages for payback. 
Frank found that the farm size needed to pay off an automated steering system depends on the 
correction source. RTK-GPS based steering systems were profitable on smaller farms when 
subscribing to an RTK network rather than setting up a local reference station.  
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Figure 1: Economy of automated steering systems in winter wheat production 

 
Row crop production involving mechanical weeding operations (e.g.: Ecological farming, potatoes, 
vegetables, strawberries, asparagus) requires high absolute position accuracy. Therefore, most GPS 
based automated steering systems operated in row crops apply RTK corrections. 

2.2 Strip Tillage 
Strip Tillage is a farming practice which focusses on minimizing cultivation and optimizing the 
placement of fertilizer. Cultivation is reduced to a narrow strip for later placement of seeds. Fertilizer 
for crops planted in spring is already placed during fall (Figure 2).  
 
Strip Tillage requires that all implements operate very accurately within the band predefined by 
cultivation. Therefore, automated steering systems with RTK accuracy on the tractor and towed 
implements (Figure 3) are prerequisite for adequately implementing strip tillage. 
 
 

  
Figure 2: Strip Tillage Figure 3: implement steering system 
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2.3 Controlled Traffic Farming 
Controlled Traffic Farming (CTF) aims at reducing soil compaction and improving trafficability on 
soils with a high clay content. The aim is to perform all operations on once defined tramlines. Over the 
years, the soil in the tramlines is compacted thus extending the operation period. Additionally, the 
compaction of the soil between the tramlines is reduced resulting in improved fertililty. Preliminary 
investigations have shown that CTF can increase yield by 5% to 10% under european conditions. The 
requirement to revisit tramlines with an accuracy of 5 cm over several years can only be met  with   
RTK-GPS sensors. 
 

 
Figure 4: Controlled Traffic Farming 

 
 

3 TECHNOLOGY FOR GENERATION AND PROPAGATION OF RTK 
DATA 

When it comes to accuracy GPS based automated steering systems are commonly classified into the 
three different categories: DGPS, OmniSTAR HP/StarFire2 and RTK. On the majority of farm 
operations in Central Europe adopting automated steering systems beneficially requires OmniSTAR, 
StarFire or RTK corrections. DGPS corrected automated steering systems are not accurate enough for 
sowing and planting small grains, oil seed, corn and row crops.  
 
Satellite based dual frequency corrections (OmniSTAR HP/StarFire2) are available on a subscription 
basis. They provide a lower track-to track accuracy (2- to 4-fold) and a substantially lower absolute 
accuracy (10-fold) when compared to RTK. These signals are therefore not fit for the establishment 
and maintenance of row crops, strip tillage and Controlled Traffic Farming. 
The communication satellites are located above the equator. Signal blockage resulting in poor 
positioning quality of the GNSS sensors is therefore likely in northern regions and areas with trees in 
or around the fields.  
 
The combination of lower accuracy (compared to RTK), potential signal blockage and signal pricing 
has led to a low acceptance of this correction signal source in Germany.  

3.1 Local Reference Stations 
Local reference stations feed correction data into a radio modem in a dedicated format. The area 
covered with correction data is determined by transmission frequency and transmission power. Due to 
legal regulations of transmission power in Germany the range of mobile base stations is limited to 3 
km and the range of fixed base stations is limited to 20 km (optimal conditions).  
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3.1.1 Mobile Base Station 
Mobile base stations consist of a GNSS receiver, a radio modem and a 
power supply (battery). They are usually set up on the edge of a field. The 
maximum range of of coverage is 3 km under optimal conditions. This is 
due to a limitation of the  transmission power for mobile radio devices of 
0,5 W. The signal reception within the area covered is usually very reliable.  
The hardware is relatively expensive and usually adds up to 50% on top of 
the price for the automated steering system. 
 
GNSS receivers achieve a relative position accuracy of 2,5 cm with 
corrections from a mobile base station. Mobile base stations can only 
generate corrections that allow for high absolute positioning accuracy (2,5 
cm) when operated on a  known position. In order to obtain high absolute 
accuracy - when tramlines need to be revisited – base locations need to be 
marked permanently. The use of mobile base stations for Strip Tillage, Controlled Traffic Farming and 
maintaining row crops is thus very limited. 

3.1.2 Fixed  Base Station 
Fixed base stations also consist consist of a GNSS receiver, a radio 
modem and a power supply. The components are usually installed in 
a housing and connected to a continuous power supply. The position 
of the base station is fixed, so that their corrections provide an 
absolute and relative positioning accuracy of 2,5 cm over years.  
 
Fixed UHF or VHF radio modems may be operated with a 
transmission power of up to 6 W. The modems can cover an area of 
25 km radius under optimal conditions (flat terrain, no trees). Radio 
frequencies need to be applied for and are assigned by a federal 
agency. Therefore the signal reception is very usually very stable and reliable.  
 
The hardware is relatively expensive and adds usually more than 50% on top of one automated 
steering system. The costs of operation are very low. The initial investment in fixed base stations may 
be substantially reduced when several automated steering systems within the coverage of the radio 
modem share the signal. As fixed base stations provide correction data in a dedicated format they are 
mostly tied to a limited variety of roving automated steering systems accepting their correction format. 

3.2 RTK Network 
RTK networks consist of several RTK reference stations reporting their measurements to an internet 
based server. The server accepts requests from registered users and generates individual correction 
data for their reported position (Figure 7).  
 
Rover systems can access RTK networks by means of a 
GSM/GPRS connection using a so called NTrip modem. 
Mobile Data Repeaters (MDR) receive correction data 
from a RTK Network through a GSM/GPRS connection 
and supply surrounding areas with insufficient GSM 
coverage (e.g. valleys) through with a UHF radio modem. 
Fixed Data Repeaters (FDR) may replace fixed base 
stations. They connect to the RTK network server through 
a DSL connection. 
 
 
 

 
Figure 5:  
mobile base station 

 
Figure 6: fixed base station 

 
Figure 7: RTK network 
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RTK networks combine the advantages of subscription based services and of local base stations. They 
allow for accurate absolute positioning and cover large areas. In opposition to local base stations RTK 
networks can generate correction messages in different formats. They are therefore fit to serve 
different rover systems with correction data (e.g. RTCM, CMR). 

3.2.1 NTrip Modem (GPRS, GSM) 
A NTrip modem establishes a GSM or a GPRS connection to a 
dedicated RTK Network server. It transmits the rover position to 
the server. The server responds with a stream of RTK correction 
data. The NTrip modem forwards the correction data to the GNSS 
receiver. The server provides correction data in different formats 
depending on the port accessed by the NTrip modem.  
 
Receiving RTK network data through a NTrip modem involves costs for subscription fees and data 
transfer from and to the server. They are thus similar to subscriptions for satellite based correction 
services. GSM/GPRS based data transmission is not subject to shading by trees. However, it is not as 
reliable as data transmission with radio modems on dedicated frequencies: some areas - especially 
valleys and areas with low population density – suffer from poor GSM coverage. Also, the bandwidth 
depends on the GSM network load. At times, bandwidth overload in highly populated areas may result 
in delayed transmission and connection time outs. 
 
RTK network data is superior to satellite based dual frequency correction data when it comes to 
acquisition and re-acquisition. RTK-GNSS sensors with Ntrip modems need less than one minute to 
reach the advertised accuracy when switched on or after interruption of the GMS/GPRS connection. 
GNSS sensors corrected with data from satellite based services will - under optimal conditions - reach 
the advertised accuracy only five minutes after being set into operation. 
 
RTK network correction data is especially beneficial for contractors with a large operation area or 
agricultural production entities with a fragmented farm structure. They can access correction data 
where needed without investing into a network of local base stations. This user group will also 
appreciate that RTK networks can provide correction data to GNSS sensors/automated steering 
systems demanding different correction data formats. 

3.2.2 Mobile Data Repeater (MDR) 
Mobile data repeaters consist of a NTrip modem, a radio 
modem, a low cost GPS receiver and a power supply. The GPS 
receiver feeds its position into the Ntrip modem. The Ntrip 
modem establishes a connection to a RTK network. The radio 
modem transmits the correction data from the NTrip modem 
covering an area of approximately 3 km. The Mobile data 
repeater is designed to supply areas with poor or no GSM/GPRS 
coverage with RTK correction data (e.g.: valleys). The concept 
has been extensively discussed by Muhr (2006). 
 
Mobile data repeaters are similar to mobile base stations. The 
initial investment is lower, but the operation involves current 
costs for subscriptions and GSM/GPRS data transfer. 
Technically, the major difference between a mobile base station and a mobile data repeater is, that a 
mobile data repeater maintains high absolute positioning accuracy independent of the location where it 
is operated. 
 

 
Figure 8: NTrip modem 

 
 Figure 9: 

Mobile Data Repeater 
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3.2.3 Fixed Data Repeater 
A Fixed data repeater consists of a microcomputer attached 
to a DSL modem and a radio modem. The microcomputer 
uses the DSL connection to report a preprogrammed 
position to a RTK network server. In return, the server 
supplies the microcomputer with RTK correction data. The 
microcomputer forwards the data to a VHF or UHF radio 
modem. The radio modem broadcasts the correction data 
within a radius of up to 25 km. 
 
In some respect fixed data repeaters are similar to fixed base stations: both systems use fixed radio 
modems with a transmission power of up to 6 W for the propagation of RTK correction data. The data 
transfer is stable and reliable compared to Ntrip modems using GSM/GPRS networks. A major 
difference between the two systems is the cost structure. The initial investment for the hardware of a 
fixed data repeater is lower. Subscription fees for the RTK network and the DSL connection result in 
higher operation costs for fixed data repeaters. 
 
Fixed data repeaters are of advantage when different correction data formats need to be broadcasted to 
automated steering systems. Fixed base stations can only provide one correction data format to the 
radio modem. Special transmission protocols implemented in the fixed data repeater allow for the 
coding of different correction data streams: the operator can choose the appropriate correction data 
stream by selecting the desired stream in the radio modem on the vehicle.  

4 CONCLUSIONS 
This paper provides a general overview of GNSS correction data for agricultural applications 
focussing on automated steering systems.  
 
DGPS corrections for single frequency GNSS sensors provide a relative accuracy (track-to-track) of 
15 to 30 cm. This accuracy is not sufficient for seeding small grains and oil seed with the desired 
precision. In conjunction with automated steering systems they are therefore only useful where large 
acreages need to be cultivated or treated with herbicides before planting. 
 
Satellite based dual frequency correction services have some limitations when it comes to signal 
blockage and signal reacquisition. The subscription costs are substantial. The absolute positioning 
accuracy of satellite based dual frequency correction services is not fit for row crop cultivation and 
maintenance.  
 
RTK corrections provide high positioning accuracy. The advertised accuracy is available after a short 
initialisation time. RTK correction data is accurate enough to fulfill the demands of all agricultural 
operations performed with automated steering systems. 
RTK corrections can be sourced from mobile or fixed local reference stations or a RTK network. The 
optimal source for RTK correction data depends on the farm size, the farm structure and the 
requirements with respect to reliability and absolute position accuracy.  
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Figure 10: Fixed Data Repeater 
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Abstract 
The use of satellite-based positioning has advanced considerably in the world of agriculture, providing 
a range of technical solutions that include the automated steering of tractors and self-propelled 
machinery. With the development of auto-guidance systems comes the need to evaluate their 
performance. Given that current precision and accuracy claims are relatively small in magnitude, it is 
imperative there be a testing system capable of detecting errors with ten times greater accuracy--
possibly as little as a few millimeters. A visual sensor was adopted to achieve this level of 
measurement resolution. The sensor was used to determine the cross-track error estimates necessary to 
summarize pass-to-pass and long-term levels of accuracy. To test a tractor with auto-guidance 
capability, the system was mounted to the tractor’s chassis to log the tractor’s relative position as it 
passed through the same course multiple times. Several different pilot tests have been conducted 
operating tractors at three travel speeds (1.0, 2.5 and 5.0 m/s). The values or guidance error estimates 
corresponding to 95% of the cumulative unsigned error distributions can serve as publicly acceptable 
test summaries. The results of this study can be used to pursue standardization of the auto-guidance 
test process. 
 
Keywords 
Auto-guidance, auto-steering, GNSS, visual sensor, tractor testing 
 

1 INTRODUCTION 
Auto-guidance (also known as auto-steering) technology that is based on global satellite navigation 
systems (GNSS) has been increasingly adopted around the world. Using auto-guidance, many field 
operations can be performed in a strict geometrical relationship with previous travel paths or other 
predefined geographical coordinates without direct inputs from an operator. Current auto-guidance 
systems available to producers have different levels of accuracy, sensor configurations and interfaces. 
Despite these differences, the performance of auto-guidance systems often involves an anticipated 
level of auto-guidance error frequently associated with what is called cross-track error (XTE). This 
error is caused by several factors: 1) geographic positioning errors; 2) vehicle dynamics; 3) the 
implement tracking behind the vehicle; and 4) field conditions. Manufacturers present different types 
of accuracy claims, making marketing comparison of their products difficult. Therefore, there is a need 
to develop a standardized procedure to test and report the performance of GNSS-based auto-guidance 
systems. The goal of this publication is to summarize the development of instrumentation and 
methodology for measuring auto-guidance error and to provide evaluation of the methodology 
developed using several tractors with different expected levels of auto-guidance accuracy when 
operated at various travel speeds.  

The first step toward testing GNSS-based equipment included testing the GNSS receiver while 
stationary, as outlined by the Institute of Navigation (ION, 1997). For agricultural operations, it is 
important to test GNSS receivers while in motion (Stombaugh et al., 2002). Such test procedures fall 
into two categories: fixture-based (e.g., Taylor et al., 2004; Stombaugh et al., 2008) and on-vehicle 
(Han et al., 2004). To test GNSS-based navigation aids, Buick and Lange (1998) and later Buick and 
White (1999) compared the efficiencies of foam marker and GPS-based light bar guidance systems. 
Field efficiencies were determined by measuring the actual areas of skips and overlaps for different 
ground speeds and offline distances (based on vehicle track records). In another study, Ehsani et al. 
(2002) tested different GPS-based light bar systems by mounting them on the roof of a tractor and 
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driving nine swaths parallel to a pre-set A-B line. In both cases, an RTK receiver was used to 
determine the actual travel path.  

 The current challenge is the testing of GNSS Auto-Guidance systems, especially those with 
real-time kinematic (RTK) level accuracy (typically at the centimeter level). Instrumentation ten times 
more accurate than the tested system must be developed (ION, 1997); this demands measurement on 
the scale of millimeters. To meet this requirement non-GNSS-based measuring methods have been 
employed. For example, Harbuck et al. (2006) used optical surveying equipment to track a vehicle’s 
motion without involving GNSS-based equipment. A rugged 360-degree tracking prism was mounted 
to the towing hitch on the rear of the tractor. Position data was recorded using a total station equipped 
with a special function that allowed the moving prism to be followed using servo motors in its base. 
During each test, the tractor was operated through a straight pass using the auto-guidance system and 
the relative position of the tractor’s hitch was continuously recorded. The claimed 5 mm measurement 
error of the total station applicable for ideal conditions increased to 20 mm during the test. 
 Alternatively, Adamchuk et al. (2007) developed a linear potentiometer array that measured 
the horizontal position of a reference cart perpendicular to the direction of travel as it repeatedly 
passed over a series of stationary metal triggers installed on the surface of the pavement used for 
testing. The system had an approximate resolution of 20 mm; it did not rely on a GNSS signal. 
Although both methods are suitable for many non-RTK-based options, testing auto-guidance systems 
with a claimed accuracy of only 20 mm required a more precise solution. 

2 MATERIALS AND METHODS 
After considering several options involving different optical referencing techniques, the 

machine vision sensor approach was chosen. In this approach, a visual sensor rigidly mounted to the 
vehicle tested can be used to track the relative location of a permanent reference line on the surface of 
the test track. Repeated passes over the same track using zero swath width allow estimation of the 
horizontal distance between actual passes in each location of the track. In practical application, this 
would provide a means for assessing the anticipated level of skips and overlaps.  

To test RTK-level systems, it can be expected that the level of errors would not exceed 0.5 m. 
To design the test system, a 1.2 m-field of view was assumed to be appropriate to allow the reference 
line on the surface to be seen by the visual sensor at all times. Achieving the 2-mm sensor resolution 
required by the 20-mm claimed accuracy would involve a 600 pixel-array (1200 mm / 2 mm) in the 
horizontal direction (perpendicular to the direction of travel). Therefore, a Cognex In-Sight® DVT 545 
high speed vision sensor with internal processor (Cognex Corporation, Natick, Massachusetts)1

Since most uses for auto-guidance are in the agricultural field, the test procedure developed was 
based on a typical field operation. This usually consists of a series of back and forth parallel passes 
across a certain distance. At the end of each pass, the vehicle is turned around and returns on a path 
adjacent to the previous pass offset by the fixed width of the implement (swath width). For the 
purposes of test development, XTE can be defined as the difference between the desired and actual 

 with a 
9-mm lens was considered sufficient. The sensor had a 26° field of view and 640x1048 pixel array 
which was able to provide approximately 1.2 mm resolution at the testing surface when mounted 1.5 m 
above ground pointed downward. The sensor was also capable of automatically adjusting exposure and 
aperture settings for varying lighting conditions and processing images at about 30 frames/s. Visual 
sensor calibrations, cross-track position measurements and other adjustments were made using the 
IntellectTM (Cognex Corp., Natick, Massachusetts) software (Figure 1). As a result, the field of view of 
the vision sensor could obtain the relative position of a line marking the track. 

Relative position measurements performed with the vision sensor were synchronized with 
geographic locations so that matching measurements could be obtained during different passes. An 
additional GNSS receiver was used to obtain geographic longitude and latitude, time and GNSS signal 
quality for further data processing. Data acquisition and storage was accomplished using a specially-
developed LabVIEW® (National Instruments, Inc., Austin, Texas) interface. 

                                                      
1 Mention of a trade name, proprietary product, or company name is for presentation clarity and does 
not imply endorsement by the authors or the University of Nebraska-Lincoln, nor does it imply 
exclusion of other products that may also be suitable. 
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swath widths. If the distance between two passes is less than the swath width, an overlap occurs; a 
distance greater than the swath width produces a skip. Pass-to-pass error of auto-guidance is defined as 
the relative XTE between two consecutive passes that occur within a 15 min timeframe. Long-term 
auto-guidance error is defined as the relative XTE between two consecutive passes that occur more 
than 1 hr apart with dissimilar GNSS satellite configurations in the sky.  

  

 
Figure 1: The permanent reference line detected using the IntellectTM software. 

 
To accommodate these definitions, each test consisted of three test runs with three passes about 

7.5 min long made in alternating directions. For this type of testing, the test location needed to have a 
surface that would remain consistent over time and would be replicable in other geographic areas. 
Since tractor performance testing is typically done on concrete pavement, the same approach was 
taken to help develop the auto-guidance system test procedure. The concrete tractor test track of the 
Nebraska Tractor Test Laboratory (NTTL, Lincoln, Nebraska) was selected (Figure 2).  

 

Figure 2: Test Track of the Nebraska Tractor Test Laboratory  
 

The track consists of two east-west oriented straight passes separated by 39.9 m (131 ft). Both 
passes are relatively level, with the total length of the central line around the track being 
approximately 615 m (2018 ft). Each straight pass of the track is 6.7 m (22 ft) wide with an expansion 
seam in the middle. This seam was designated as the permanent reference line. To adapt the ideal 
(back and forth) field operation pattern to the geometry of the test track, the test trial consisted of 
sequential counterclockwise and clockwise laps around the track as shown in Figure 3. The initial A-B 
line was established along the northern pass and the auto-guidance equipment was set with a 39.9 m 
swath width. The tested tractor was operated in auto-guidance mode along each of the two passes. 
During each pass, the relative location of the tractor’s representative vehicle point (RVP) with respect 
to the reference line was measured. For each location around the track, the difference between these 
relative position measurements (adjusted for the direction of travel) was used to define the relative 
XTE. 
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Figure 3: Test pattern representing (a) a typical field operation and (b) adapted to the test track.  

 
 The decision was made to use test vehicles offering the most common platform on which auto-
guidance systems are installed. Mechanical front wheel assist tractors in the range of PTO power from 
110 to 220 kW (150 to 300 hp) were selected. The drawbar hitch pin hole was designated as the RVP 
for these vehicles. Figure 4 shows the vision sensor rigidly mounted to the chassis of the tractor with 
the lens pointed downward so that the field of view was centered on the drawbar hitch pivoting 
location. Calibration of the vision sensor was accomplished with a Cognex® 100-mm calibration grid 
centered under the hitch pin hole with the horizontal axis parallel to the rear axle of the tractor. With 
the sensor mounted and calibrated, a reference receiver was fitted to the test tractor and the offset from 
the drawbar hitch pin hole was measured. 
  

 
Figure 4: The visual sensor-based system for testing tractor auto-guidance performance. 

 
 At the start of each test run, the tractor was located at the northeast corner of the track facing 
west (ready to travel in a counterclockwise direction around the track). The data acquisition system 
was started, the tractor moved forward, and the auto-guidance system engaged. The tractor traveled 

Finish 

Start 

Start 

Finish 

Cross-track error 

Valid data 

a) b) 
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along the north side of the track with a swath width of 0 m with respect to the original A-B line until it 
reached the end of the northern pass. At the curve, the tractor was manually driven counterclockwise 
around the western curve of the track and lined up with the expansion seam of the southern portion of 
the track. As the tractor entered the southern pass, the auto-guidance system was engaged with a swath 
width of 39.9 m from the original A-B line. The auto-guidance mode remained engaged along the 
southern pass of the track until the tractor reached the eastern end. The operator again took control and 
manually steered the tractor around the curve. At this point, depending on the lap number and the 
number of laps required by the test speed, the tractor either turned around to travel in a clockwise 
(CW) direction or continued forward to complete the number of counterclockwise laps required for 
that travel speed. Travel speeds were 1.0, 2.5 and 5.0 m/s. To account for increased travel distances 
due to higher speed, the tractor performed several laps in the counterclockwise, clockwise, and 
counterclockwise direction so the travel time in one direction was just above 7.5 min.  

As the tractor was entering into a new straight pass, the auto-guidance mode was engaged 
before the end of the curve unless the travel direction changed from clockwise to counterclockwise. In 
this situation, the auto-guidance mode was engaged before a set point on the northern side of the track. 
Data taken before this point was excluded from the analysis. To process the data, average valid relative 
position and time measurements were obtained for each 1-m segment of the track. Relative XTE terms 
were found by comparing relative position measurements (sensor output) between two collocated 
points from different passes in a single test run that were in the opposite direction with under 15 min 
revisit time for the pass-to-pass error. Long-term error was found by comparing cross-track position 
measurements between passes in opposite directions but from different test runs.  

From the unsigned values of relative XTE, cumulative distributions were constructed with 
95% errors identified. Mean values of signed XTE were calculated to determine bias in the auto-
guidance system. This paper provides results from tests of three different tractors with auto-guidance 
options (Table 1). Although the test procedure was very similar, there were modifications to the test 
system and differences in the time of year which might influence test results. Thus, these results 
cannot be used to make a fair comparison of these systems. Test runs were performed in a randomized 
order at randomized times with the stipulation that at least 1 hr separated same speed test runs, and 
same speed test runs were not performed with a 24 hour time difference to avoid similar satellite 
configurations.  
 

Table 1: Auto-guidance Systems 

System 
ID 

GNSS Receiver 
System Characteristics 

Guidance Reference 
1 RTK-level WAAS* Advanced controller, proper calibration, dual tires 
2 RTK-level RTK Old controller, no calibration, dual tires 
3 RTK-level WAAS Quick calibration, single tires 

* - Wide Area Augmentation System 
 
 Because of the differences between systems, it was expected that the tractors would perform 
differently when operated using the same test procedure. System 1 represents one of the most accurate 
options available to producers with proper calibration prior to the test. System 2 had the disadvantage 
of a less-advanced controller and no system calibration prior to the testing. Likewise, System 3 was 
not fine-tuned prior to the test.  

3 RESULTS AND DISCUSSION 
In using the proposed test procedure, there were initial concerns that the pass-to-pass error 

estimates would not represent the even revisit time distribution for the entire 15 min interval. 
However, as shown in Figure 5 (the System 1 test), the revisit time distribution had relatively similar 
occurrences from 1 to 15 min. The reduction of revisit times below 1 min was due to the time required 
to turn around. (This could also be expected during field operations.) The observed cycling patterns 
related to use of the eastern and western ends of the track to switch between the northern and southern 



 34 

passes. Also, it was noted that a faster travel speed presented more 1-m section revisit incidents than a 
slower travel speed, due to the differing number of time-based measurements averaged for each 1-m 
section. The reason for the 1-m partitioning of test passes was the anticipated error of the GPS receiver 
used for georeferencing. Time-based averaging was thought to be inappropriate because of the 
practical value of the geometrical performance of the testing (that is, the predictability of skips and 
overlaps).  

 
Figure 5: Revisit time distributions at three different travel speeds. 

 
Table 2 summarizes auto-guidance error distributions associated with each system test and 

travel speed. First, the average signed error measurements were much smaller than the standard 
deviation, indicating that none of these systems had significant bias (pull of the tractor to one side). 
Also, it should be noted that error estimates at 1.0 and 2.5 m/s were similar, and higher numbers at 
5.0 m/s were observed. This indicates that testing at a relatively low speed (e.g., 1.0 m/s) might not be 
necessary, whereas determination of the system’s performance at a higher speed is needed. Also, pass-
to-pass and long-term error estimates were similar because of relative day-to-day stability or RTK-
level positioning. Similar observations can be made when evaluating the cumulative unsigned error 
distributions (Figure 6).  
 

Table 2: Tractor Auto-Guidance Performance Test Summary 

Test 
speed, 

m/s 

System 
ID 

Pass-to-Pass Error, mm Long-Term Error, mm 
Signed 

distribution 
Unsigned 

distribution 
Signed 

distribution 
Unsigned 

distribution 

Mean SD Median 
(50%) 95% Mean SD Median 

(50%) 95% 

1.0 1 1 12 8 20 0 11 8 20 
 2 -1 27 21 48 2 27 23 47 
 3 4 27 18 54 -1 59 48 100 

2.5 1 -1 9 6 16 0 10 6 18 
 2 -3 22 15 44 1 27 19 52 
 3 1 59 24 74 -1 70, 44 98 

5.0 1 -3 20 14 39 -5 21 14 43 
 2 3 43 30 78 -2 46 30 89 
 3 3 51 32 100 -14 65 48 119 
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Figure 6: Cumulative unsigned error distributions for pass-to-pass (a, c, e) and long-term (b, d, f) error 
estimates. 

 
In general, System 1 represents the best possible performance observed using the equipment and 

methodology developed. Both pass-to-pass and long-term errors were under 20 mm 95% of time when 
traveling at 1 and 2.5 m/s. Higher travel speed caused an error increase, mainly because of the longer 
distance requirement to come to a steady-state operation along a straight path. The lower-end 
controller and poor calibration caused the performance of System 2 to yield less than 50 mm errors 
95% of the time, which also increased at 5 m/s. System 3, on the other hand, showed a more gradual 
increase in pass-to-pass errors from 54 to 100 mm with speed; this could also be attributed to relatively 
poor system fine-tuning prior to the test on concrete pavement.  
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4 CONCLUSIONS 
A visual sensor-based system was developed to test the performance of tractors capable of 

operating in auto-guidance mode using RTK-level GNSS receivers. By design, the test system was 
capable of detecting differences of less than 2 mm. Pass-to-pass and long-term cross-track errors were 
defined as the ability of the system to repeat the same pass in an opposite direction within short 
(15 min) and long (several hour) time periods. A test summary for three different travel speeds and 
three different auto-guidance systems shows that the test system developed can differentiate among 
operating conditions that may affect auto-steering performance. 
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Abstract 
This paper presents a method to develop an electronically controlled towing bar system, which will 
enable an autonomous agricultural vehicle to follow a leading tractor with a given lateral and 
longitudinal offset. In our study not only the follow-up motions but also the problems such as avoiding 
obstacle, turning at the end of the field have been considered. With the aid of the RTK GPS systems 
the position of the leading tractor can be obtained with accuracy in the range of centimetres. The 
position points of the leading tractor are transmitted by wireless modems to the following vehicle 
continually to provide the target position points for the guidance of the following agricultural vehicle. 
With the method of curve fitting a desired path for the following vehicle could be dynamically created. 
Based on the target position points and the path planning, the desired speed and the desired steering 
angle of the following tractor are calculated. In order to ensure the precise navigation of the driverless 
following tractor, a course tracking controller and a speed controller have to be designed and 
implemented. In addition to path tracking methods, considerations about safety of the towing bar 
system will also be issued in this paper. The whole research work is supported by the Federal Ministry 
of Food, Agriculture and Consumer Protection of the German Government. 
 
Keywords 
GPS Navigation, Machine Guidance and Control 
 

1 INTRODUCTION 
The agricultural farming industry is facing significant challenges at present. The global competition 
for a higher productivity in the agriculture has made demands on more cooperation between 
agricultural machines. The decreasing number of farming labor force and higher labor costs in the 
agricultural industry is a significant issue for the European agriculture. As a response to mechanized 
farming, more and more GPS-guidance is utilized in modern farming to meet the demands on 
precision agriculture and has made possible to guide the agricultural vehicles autonomously. 
 
In the past ten years, many research works have been carried out to develop an automated agricultural 
vehicle to replace the labor workforce in the farming operation. In [1] an automatic steering system 
was developed to guide a John Deere 7800 tractor along prescribed straight row courses with an 
average error of approximately 2 cm. In [2] a robot tractor was developed based on RTK-GPS and 
gyroscope to provide navigation information for the path tracking. Such field robot with auto-steering 
systems are capable of steering along target lines automatically, but the application of such 
autonomous agricultural vehicles can only be confined to a laboratory environment, where obstacles 
and other safety related problems could be foreseen.  
 
To solve the safety problems in the real field operations many other high-tech sensors have been used 
to sense the surrounding environment of the farming vehicles. In [3] a machine vision based guidance 
system was demonstrated for an autonomous agricultural small-grain harvester using a cab-mounted 
camera. In the recent years laser or laser radar (ladar) have been more and more applied in autonomous 
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vehicles to detect obstacles for the safety reasons. In [4] ladar has been used to navigate a small robot 
tractor through an orchard field. However most of the solutions have been successfully realized only in 
laboratory conditions. Field trials demonstrated that an automatic guided agricultural vehicle could 
assist the operator but could not completely replace the operator because of safety considerations. 
Some solutions which have been proved robust in field tests were very costly and still a long way from 
commercialization.  
 
On such a background an electronically controlled towing bar system can be regarded as an 
intermediate step on the road to completely autonomous agricultural vehicles. Because of the presence 
of the operator on one of the agricultural vehicles, the safety problem can be easily resolved without 
consideration of costly sensors and complicated sensor fusion algorithm. The primary objective of this 
paper is to introduce a method to develop an electronically controlled two-tractor towing bar system, 
which will enable one unmanned tractor to follow up another leading tractor with a given lateral and 
longitudinal offset. This system can allow one operator to utilize more than two agricultural machines 
simultaneously, so that the productivity of the working process will be substantially improved and the 
competitiveness of the agriculture producer will be enhanced.  

2 EQUIPMENTS AND METHODS 
 

 
 

Figure 1: Fendt 936 Vario tractor and its cabin with Trimble navigation monitor 
 
Fig. 1 shows one of the experimental agricultural vehicles, which was used to compose the towing bar 
system. The leading vehicle as well as the following vehicle is a 265 kW four-wheel drive Fendt 936 
Vario model which is 5.65 m long, 2.75 m wide and 3.37 m high. The equipment used to measure the 
tractor position of the leading tractor is different from the following tractor. The leading tractor uses a 
Trimble navigation system, which was mounted by the geo-konzept GmbH. With the AgGPS 252 
GPS-receiver attached to the roof of the cab and the 450 radio equipment which receives the real-time 
kinematic (RTK) signals at 2 Hz data throughput rate, the position accuracy is less than 2.5 cm. Using 
data from the GPS receiver and internal sensors the position data can be further corrected by the 
navigation controller in the cab which can compensate the roll, pitch and yaw movement of the vehicle 
during measurement.   
 
In the following tractor an auto-guide system was already installed to measure the position of the 
vehicle. This system is an accessory equipment of the Fendt 936 Vario tractor and can correct the 
positioning error caused by the inclination of the ground. A gyroscope is also integrated in this auto-
guide system, so that the positioning can reach the same accuracy as the Trimble system. Both tractors 
are equipped with an industrial computer which connects the GPS measurement unit and the tractor 
control unit. The industrial computer “AutoBox” is composed of a PowerPC 750GX processor board 
running at 1 GHz and several peripheral boards, which can communicate with external equipments 
over controller area network (CAN) or serial interfaces. With the real-time operating system running 
on the PowerPC, the AutoBox performs data collection, condition monitoring and control signal 
computations using software written at the Karlsruhe Institute of Technology. 
In Fig. 2 a method to design a towing bar system for two tractors is demonstrated. A virtual towing bar 
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is used here to demonstrate vividly the relationship between a leading tractor and another unmanned 
agricultural machine, which follows the leading one. Both vehicles will receive GPS signals to obtain 
their positions and a path segment (red) to guide the unmanned vehicle will be calculated from the 
trajectory of the leading tractor (blue) with a longitudinal and a lateral offset. The path segment to 
guide the unmanned vehicle will be transferred from the leading tractor to the following one 
periodically using wireless communication. A tolerance zone with a preset width and length is 
conceived to restrain the following tractor from colliding to the leading one.  

 
Figure 2: Schematic diagram of the towing bar system for two tractors using GPS navigation and wireless 

data exchange. 
 
To construct such a two-tractor towing bar system the whole work will comprise four different 
aspects: an algorithm to create the desired course for guidance of the following vehicle; a path-
tracking controller to guide the unmanned vehicle along the desired path; a wireless connection 
between the two tractors to ensure a real-time data-exchange between the vehicles and to coordinate 
the work between those; a program monitoring the running conditions of the unmanned vehicle to 
meet the safety demands. 

3 REFERENCE COURSE GENERATION 

 
Figure 3: Trajectory of the leading tractor (solid curve) and desired reference course for the following 

tractor (dashed curve) 
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The desired reference course to guide the unmanned tractor was calculated using the position data 
obtained from the GPS measurements on the leading tractor (Fig. 3). The solid curve, which is 
composed of a seires of position points, refers to the trajectory of the leading tractor. On the other hand 
the dashed curve which is composed of a series of mapping points, refers to the reference course of the 
following tractor. The mapping points is on the normal of the solid curve at the current positions of the 
leading tractor with a lateral offset of d. Point O is the common instantaneous turn center of the 
leading and the following tractor. The desired vehicle speed for the following tractor will be 
determined according to its turning radius and the current speed of the leading vehicle. 

4 PATH TRACKING 
A control structure which contains cascade controller with feed forward control is designed to guide 
the unmanned tractor along the calculated desired path and to minimize the path error [5]. Fig. 4 
demonstrates the structure for the speed control which will adjust the velocity of the following vehicle 
to keep its distance from the leading tractor constant.  

 
Figure 4: Structure of the cascade controller with feed-forward control for the following vehicle speed. 

 
The structure for the steering angle control is similar to the structure explained above. In this case the 
position controller will be replaced by a yaw-angle controller, while the speed controller will be 
replaced by a steering angle controller. 

5 WIRELESS COMMUNICATION 

5.1 Hardware 
One of the most important prerequisites for an electronic controlled towing bar system is that the 
leading and the following vehicles are connected by a so-called wireless CAN-bridge, which can 
collect the data from the controller area network (CAN) bus in one vehicle, transmit it over the air and 
send the information again to the CAN bus in the other vehicle. Because of the normally large acreage 
of a farm, a wide-coverage mobile communication device with real-time link ability must be chosen to 
satisfy the requirements for such an inter-vehicle communication [6].  
For the radio interfaces the XBee-Pro wireless module from the company Maxstream serves as an 
IEEE 802.15.4 standard compliant chip. It operates at 2.4 GHz of the ISM radio band and can reach a 
theoretical data throughput of 250 kbps. Its large band width is sufficient for the transmission of all the 
navigation and control data defined in our data protocol every 100 milliseconds. With an outdoor 
range of 1.6 km, it enables a robust point-to-point connectivity in the line of sight.   
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5.2 Data Protocol 
A data protocol, which defines the data type and frame format for all the information to be transmitted 
by the wireless module, has been created to distinguish communication data with different content and 
different priorities. 
 
In Table 1 the position data of the leading vehicle is defined in a data frame with 32 bytes and with a 
frame identifier (frame-ID) of 2. Its frame-ID indicates that this information has a relative higher 
priority in the whole data list. That reflects apparently the fact that the position data is very crucial for 
the safety of the following tractor. Without this information, the unmanned vehicle could not be 
guided correctly and there would be collision danger.   
 

Table 2: data protocol which contains the position and motion information about the leading vehicle 

 
 

6 SAFETY RELATED CONSIDERATIONS 
A vital part of an autonomous, unmanned vehicle is safety. In such a towing bar system, the presence 
of the operator enhances the safety of the system in unexpected dangerous situations. To disburden the 
operator from the routine supervising work and assist him by decision making, programs doing 
condition monitoring have been integrated in the software.  
 
One of the most important system monitoring is the distance monitoring. A virtual rectangle safety 
zone, which surrounds the unmanned following tractor during its moving, is conceived to constrain the 
movement of the tractor and to prevent it from colliding against the leading vehicle (see Fig. 2). When 
the following tractor goes beyond the constraints determined by this safety zone, it will be halted by a 
real-time program, which will steadily monitor the position of the unmanned vehicle. 
 
Another safety related factor in the towing bar system is the wireless connection between the two 
tractors. A real-time thread in the system monitoring software sends periodically an “Alive” signal 
from the leading tractor to the following one. Absence of such information is indicative of a interrupt 
of the wireless connection and the real-time thread will halt all operations on the following tractor. 
 
As a backup of the supervising software the operator can trigger the emergency stopping to halt the 
following vehicle immediately in unexpected dangerous situations. 

7 EXPERIMENTAL RESULTS 
Verification tests were conducted on both asphalt and farm fields. The trajectory tracking results from 
a farm field test is shown in Fig. 5. In this test, the trajectory of the leading tractor was measured by 
the Trimble navigation system and transmitted through the wireless communication to the following 
tractor. This information as well as the information about the following tractor itself were recorded by 
CAN monitoring software and demonstrated in a UTM-coordinates-based map as shown in Fig. 5. 

Delimiter: Check byte for the start of the frame
Frame-ID: Identification for the data frame, 2 stands for the position data frame

from the leading vehicle to the following one
UTC: Coordinated Universal Time
Longitude: Longitude of the current position of the leading vehicle
Latitude: Latitude of the current position of the leading vehicle
Heading: Angle where the leading vehicle is pointing compared to the true north
Speed: Velocity of the leading vehicle
Direction: Direction in which the leading vehicle are moving
Date: Date when the GPS information is recorded

Field Delimiter Frame-ID UTC Longitude Latitude Heading Speed Direction Date
Bytes 1 1 4 6 6 2 2 2 4
Data 0xFF 0x02 xxxx xxxxxx xxxxxx xx xx xx xxxx
Delimiter: Check byte for the start of the frame
Frame-ID: Identification for the data frame, 2 stands for the position data frame

from the leading vehicle to the following one
UTC: Coordinated Universal Time
Longitude: Longitude of the current position of the leading vehicle
Latitude: Latitude of the current position of the leading vehicle
Heading: Angle where the leading vehicle is pointing compared to the true north
Speed: Velocity of the leading vehicle
Direction: Direction in which the leading vehicle are moving
Date: Date when the GPS information is recorded

Field Delimiter Frame-ID UTC Longitude Latitude Heading Speed Direction Date
Bytes 1 1 4 6 6 2 2 2 4
Data 0xFF 0x02 xxxx xxxxxx xxxxxx xx xx xx xxxx
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Figure 5: Tracking results from a field test 

 
The results showed that the lateral deviation was less than 0.1 m on most of the path trajectories. 
Larger deviations exist only on the path trajectories where inaccurate position measurements of the 
master vehicle were taken.  

8 CONCLUSIONS 
In this paper we presented an approach for developing a towing bar system for agricultural vehicles, 
which is able to automate an unmanned agricultural vehicle to fulfil some agricultural task, such as 
plowing and drilling, cooperatively with another leading tractor. Compared with other autonomous 
agricultural robots which are still far from commercialization, the experimental prototype will be able 
to be converted in a commercialized product in the near future. An interesting and novel facet of this 
research is the tolerance zone which constrains the movement of the autonomous vehicle. Significant 
challenges still lay ahead to determine the dimension of this tolerance zone and to control the 
unmanned vehicle accurately so that it can always stay in this tolerance zone. Another advantage of 
our proposal is the supervision of the operator as a safety back-up of the system. Preliminary results 
from our computer simulation have shown that the following vehicle can follow the leading one 
satisfactorily. 
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Abstract 
As other industries agricultural production is under permanent pressure to reduce costs. The economies 
of scale imposes the growth of farming operations and the development of larger machinery.  On the 
other hand, both size and weight of tractors and implements are limited by the demand to transfer 
agricultural machinery on public roads. 
 
GPS based automated steering systems have been established in agriculture since almost a decade. The 
systems are designed to keep tractors and implements on defined parallel tracks. Automated steering 
systems can save up to 10% of the variable costs by reducing overlaps and gaps during all farming 
operations.  
 
AGCO Germany, the Technical University of Karlsruhe and geo-konzept GmbH have started a joint 
research project in order develop an electronic tow bar (EDA = Elektronische Deichsel für 
Arbeitsmaschinen). The electronic tow bar is based on existing automated steering systems. It aims at 
navigating an unmanned tractor on a path predefined by the track of a manned tractor. Only one driver 
operating the team of tractors establishes a situation where two standard tractors are handled as a 
single machine in the field. Transferring machinery from farm to field requires two drivers, but the 
dimensions still allow for legal operation on public roads. 
 
The project focuses on developing technology for data transfer between the tractors, a security 
monitoring system as well as algorithms for path planning and steering. This article outlines the path 
planning algorithms required for parallel swathing, obstacle avoidance and turning on headlands. 
 
 
Keywords 
GPS, Automated Steering, Path Planning, Electronic Tow Bar 
 

1 INTRODUCTION 
Market prices for all agricultural products are determined by the demand from the global market. Even 
large farming operations have little influence on the price they can obtain when selling their goods. 
Therefore the profit of farming operations is mainly dependant on the production costs. 
 
Machinery costs and wages substantially affect the proportional costs in plant production. The larger 
the machinery, the lower the proportional costs the for acquisition of machinery, depreciation and 
wages. The size of agricultural machinery is delimited by legal restrictions on the size of vehicles 
operated on public roads. As these limits have already been exploited, there is currently no potential 
for the reduction of machinery costs. 
 
GPS based automated steering systems were introduced into agriculture since the late 1990s. They 
steer tractors on or parallel to reference lines. They help to reduce overlaps and gaps and thus heavily 
decrease proportional costs in plant production. 
 
The concept of the electronic tow bar is based on the idea to use existing steering technology and path 
planning algorithms to help an unmanned tractor follow a manned tractor and thus create a team of 
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tractors – operated by one driver – which is acting like a single big machine in the field. Unlike a 
single oversized tractor, the team of tractors can still be operated independently on public roads 
without exceeding legal regulations. 

1.1 GPS based Automated Steering Systems 
GPS based steering systems consist of a GPS receiver, an array of gyroscopes and accelerometers, a 
steering angle sensor, a navigation controller and an electromagnetic steering valve. Some of the 
components may already be preinstalled when the tractor is assembled (steering angle sensor, steering 
valve). 
 
An automated steering system compares the tractors position – corrected for pitch, roll and yaw – with 
the desired position on or parallel to a reference line. The steering angle optimal for reaching the 
desired line is derived from the tractors speed, heading and current steering angle by the navigation 
controller.  The controller is actuating the steering valve and continuously tries to adjust the optimal 
steering angle. The above mentioned process is referred to as steering control. 
 
The reference lines employed for steering control are usually straight or curved, but in any case 
parallel. Parallel lines are usually sufficient, when single vehicles are to follow an efficient traffic 
pattern in a field.  

1.2 The Electronic Tow Bar – Modules and components 
The electronic tow bar consists of several components and modules. The project aims at reusing 
existing technology where feasible. Therefore existing steering systems incorporating GPS receivers, 
motion compensation modules, steering angle sensors and electro-magnetic valves are integrated into 
the electronic bar. 
 
Besides path planning, the main challenges of the project are to establish a wireless broadband 
communication between the manned and the unmanned tractor and to monitor the communication and 
the commands issued by different modules with respect to security and stability of the system and its 
environment. 

1.2.1 Communication module 
The communication module is designed to establish a stable long-range broadband communication 
between the manned and the unmanned tractor. It consists of two radio modems and two controllers 
for communication monitoring. During the coupling process, the communication module secures that 
the communication is permitted by both machines/operators and that the exchange of messages and 
commands is exclusive for the coupled vehicles. 
 
The communication module receives and forwards information on position, speed, heading, and 
implement status from the tractor and the automated steering systems between the two coupled 
systems. It also monitors the system statuses and system modes (e.g.: standard mode, turning mode) of 
both systems. 
 
The communication model also collects vital machine parameters such as oil temperature, filling level 
of fuel tank and conveys it to the manned tractor where it may be displayed and monitored. 
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1.2.2 Tractor Module 
The tractor module controls the speed of the unmanned vehicle based on predefined or dynamic target 
values for the clearance between manned and unmanned tractor.  
 
The module transfers the actuation of the three point hitch and the power take off on the manned 
tractor to the communication module so that the unmanned tractor can act accordingly when reaching 
correspondent position. 
 
The module also reports vital machine data on the unmanned tractor to the communication module. 

1.2.3 Path Planning and Steering Module 
When a team of tractors is operating in the field, the situation with respect to reference lines is 
different from automated steering systems.   
 
Both the manned and the unmanned tractor need to be able to avoid obstacles like posts and trees. The 
turning path of the unmanned tractor cannot be derived from simple parallel shifting of the path of the 
manned tractor. The electronic tow bar therefore requires a path planning module that covers all 
situations which may occur during the operation of the teamed tractors in the field. 
 
The electronic tow bar uses five different strategies for path planning on the unmanned tractor 
depending on the system mode. The path is planned ahead up to the current position of the leading 
manned tractor. The steering module processes the resulting waypoints and sends according 
commands to the steering valve. 

1.2.4 Security Module 
The security module monitors the communication line between manned and unmanned tractor. Also, 
the quality of GPS positioning on both vehicles is permanently monitored. The security module 
determines the distance between manned and unmanned tractor and their travelling directions and 
issues warning messages in case of a potential collision. 
 
The security module secures that the maximum distance between the two machines is not exceeded so 
that a stable communication is maintained continuously. The security module is also to monitor 
threshold values for acceleration and angular speed.  
 
The security module accepts emergency shutdown requests from the operator and is in charge of 
bringing both tractors to halt immediately when critical values excess their correspondent thresholds. 

2 PATH PLANNING ALGORITHMS FOR AN ELECTRONIC TOW 
BAR 

The continuous operation of the electronic tow bar after coupling of the vehicles requires that the path 
of the unmanned tractor needs to be regularly updated. Path planning is based on the motion 
compensated position measurements on the manned tractor. 
 
The communication module continuously reports position, speed and heading of the manned tractor to 
the path planning module and the unmanned tractor. Depending on the system mode (standard, 
obstacle avoidance, turning) the waypoints travelled by the manned tractor are processed into a 
reference line for the unmanned tractor. 
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Figure 1: Standard Mode 

 
Figure 2: Follow Me Mode 

2.1 Standard Mode 
The standard mode is pursued when the unmanned tractor is to 
follow the manned tractor on a path shifted by the swath width 
or working width of the implement between the headlands. The 
offset can be positive (right) or negative (left). 
 
Figure 1 shows the track of the manned tractor (blue) and the 
track planned for the unmanned tractor (red). The green arrows 
depict the heading or travelling direction of the manned tractor. 
 
The black dashed arrows mark the offset between the 
waypoints travelled by the manned tractor and the waypoints 
processed for the unmanned tractor. Their length is equal to the 
swath width or the working width of the implement. 
 
The direction of offset is determined by the travelling direction 
of the manned tractor. The direction is calculated by adding 
half the difference between the headings and 90 degrees to the 
heading travelled to reach the waypoint on the track of the 
manned tractor accounted for. 
 
The algorithm also derives the steering angles necessary to 
travel the path. If the steering angle on the path planned for the 
unmanned tractor falls below a threshold the waypoints are 
omitted. 
 

2.2 Obstacle Avoidance Modes 
The electronic tow bar enters one of the two obstacle avoidance 
modes when the operator anticipates a collision between the 
manned or the unmanned tractor and an obstacle. 
 
The operator on the manned tractor can trigger the Follow Me 
Mode whenever an obstacle interferes with the path of the 
unmanned vehicle. The Ignore Me Mode is designed to omit 
the track of the manned tractor for path planning while the 
operator has to leave the desired path in order to circumvent an 
obstacle. 

2.2.1 Follow Me Mode 
The Follow Me Mode is induced by the operator when he 
identifies an obstacle on the predefined path of the unmanned 
tractor.  
 
Activating the Follow Me Mode triggers the path planning for 
the unmanned vehicle to be revisited so that it is following the 
manned tractor with no offset starting at the waypoint where in 
the Follow Me Mode was induced (Figure 2, black line). 
 
The path planning module deletes a section of the predefined 
path for the unmanned tractor (Figure 2, grey line). The length 
of the section depends on the swath width. Applying spline interpolation the last waypoint after 
deletion is connected with the current position of the manned tractor (Figure 2, red curve). 
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Figure 3: Ignore Me Mode 

 
 

Figure 4: Simple headland turn 

2.2.2 Ignore Me Mode 
It is not desired that the unmanned tractor follows the path  
of the manned tractor under all circumstances. The driver 
can enter the Ignore Me Mode whenever he is performing 
manoeuvres which are not to be reflected in the path of the 
unmanned tractor. 
 
Figure 3 shows that parts of the track of the manned tractor 
(Blue line) are omitted (grey curve). The driver enteres the 
Ignore Me Mode when starting to circumvent a group of 
trees (lower dashed line). He returns into Standard Mode 
when he has completed the manoeuvre (upper dashed line).  
 
Path planning for the unmanned vehicle is interrupted when 
the driver enters the Ignore Me Mode. It is only resumed 
after the driver enters the Standard Mode (s. Figure 3) or the 
Follow Me Mode.  
 
The waypoints of the path of the unmanned tractor between  
the beginning and the end of the Ignore Me Mode are 
determined by means of spline interpolation. 
 
 
 
 

2.3 Headland Turn Modes 
Path planning on headlands needs to account for the offset 
between the teamed tractors and the turning regime of the 
manned tractor.  
 
If feasible, the unmanned tractor performs a simple turn. If 
the turning regime or the offset between the tractors does not 
allow for a simple turn due to turning radiuses undercutting 
its capabilities, the unmanned tractor will perform a keyhole 
turn. 
 
For path planning during headland turns the path travelled by 
the manned tractor during the headland turn is omitted 
(Figure 4, 5: grey line). The operator enters and exits the 
turning mode by pressing a button. 

2.3.1 Simple  Turn 
Simple turn path planning aims at changing the driving 
direction of the unmanned tractor so that it matches the 
driving direction of the manned tractor at the beginning and 
the end of the headland turn. The sign of the offset between 
the tractors (left/right) may be changed during turns (s. Figure 4). During a simple headland turn the 
unmanned tractor only turns into one direction. 
 
The path planned between the start and the end point of the headland turn consist of single spline or 
two splines and a straight segment (Figure 4) 
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2.3.2 Keyhole Turn 
If the turning clearance circle of the unmanned tractor is undercut 
by the turning radius of a simple turn, the path planning module 
processes waypoints for a keyhole turn. 
 
The path travelled by the manned tractor during the headland turn 
is omitted for path planning (Figure 5, grey line). The path 
planning is paused as long as the manned tractor is turning. The 
process is only resumed when the operator enters the Standard 
Mode. 
 
The keyhole turn aims at planning a path that exits and enters the 
tramline with the same driving direction as the manned tractor. 
The space needed for keyhole headland turns is limited by the 
turning clearance circle of the unmanned tractor.  
 
In contrast to simple turns, the turning direction during a keyhole 
turn is changing. The algorithm for planning a keyhole turn 
creates a semi-circle element which is shifted off the position 
where Turning Mode was induced. The offset needs to exceed the 
turning clearance circle of the unmanned tractor. 
 
The keyhole turn planning module finally generates two splines 
that connect the semi-circle with the path segments generated in 
standard Mode before and after the headland turn. 
 
 

3 CONCLUSIONS 
In this paper, the concept of the Electronic Tow Bar is introduced and explained. The components and 
modules of the system and their interaction are summarized. The paper describes the path planning 
algorithms required for an unmanned tractor to follow the path of a manned tractor, including obstacle 
avoidance and different headland turn strategies. 
All algorithms have proven their reliability in simulated environments. Two field tests have shown that 
normal mode and simple headland turns are satisfactorily performed with real tractors. Further field 
tests for evaluating the complete system including security monitoring and implement actuation are to 
be carried out in late 2009 and 2010. 
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Management of machine and process data in the 
equipment, on-site and at the headquarters 
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Abstract 
Modern machines for special foundations have become highly specialized for optimally performing 
one or more specialized tasks. These specialized tasks generate a lot of data. These records were 
underutilized for a long time, namely for quality certification of the product. Meanwhile, many 
expectations, goals and general conditions need to be taken care of simultaneously:  

- Provide support to machine control 
- Prudent use of resources (time, performance , memory size) 
- Online simulation of different historic and current operating / machine conditions for 

maintenance and diagnostics 
- Reconstruction of machine breakdowns 
- Data transmission at low bandwidths 
- Product documentation and quality assurance 
- Automatic 3D visualization of the product  
- On-site visualization for driver/operator on the machine 
- Controlling data for site managers and / or construction company 
- Position data for fleet management, rent and resource planning 
- Easy operability, since there is a dearth of qualified personnel or operating personnel are not 

trained adequately 
- Better availablity, highly robust system, vandal resistant, etc.  

 
Unfortunately, there is very little standardization in this regard. Here, a solution with modern database 
servers was implemented. Data should be appropriately queried and transferred. Different permissions 
should be supervised. Experience gained from routine usage should be used to demonstrate the viablity 
of the concept.   
 
 
 
 
Note: A full paper will be published on the MCG-Homepage. 
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Abstract 
AutoBauLog is project that is initiated by University Hohenheim and is funded by BMTi, German 
ministry, for innovative research in the field of automation.  

Through a consortium of several partners AutoBauLog will investigate on the possibilities to find 
ways to project the complete job/manufacturing process like it is know in car and airplane industry 
onto the modern construction site. 

Partners that take seat in the consortium are main players in each facet of the construction process. 
Machine control, data management, logistics planning, virtual visualizing of the different phases, 
document management are parts that will be explored from different angles. 

The consortium has goal to present their findings and solutions in 2012.    
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Abstract 
Seven field trials in wheat, barley and maize were conducted in 2007 and 2008 to study the impact of 
weeds and herbicides on the grain yield. A linear mixed model with anisotropic spatial correlation 
structure has been used to explain the yield variability within a field. The effects of weed competition, 
soil quality and herbicides can be quantified separately. Weed species in the seven field experiments 
were distributed heterogeneously within the fields with high variation in density and species 
composition. Therefore, herbicide application needs to be varied in dose and herbicide based on the 
actual weed distribution. The results show that in areas without weeds or with a low weed density, the 
herbicide application tends to have a negative yield effect. Using a patch sprayer site-specific 
herbicide application technique could be realized. The results of these experiments will be used to 
create a decision support system for online site-specific herbicide application. 
 
Keywords 
Construction machine guidance, calibration of steering, construction machine simulator, closed-loop 
circle 
 

1 INTRODUCTION 
Pesticide use in European countries is strictly regulated in order to minimize negative side effects for 
the environment and pesticide residues in the food chain. For chemical weed control, the German plant 
protection law from 1986, modified in 1990 requires the use of economic weed thresholds. The 
economic weed thresholds for small annual grains such as wheat vary considerably in the literature. 
For Galium aparine (L.) the threshold ranges from 0.1-2 plants/m² (Bartels et al., 1983; Meinert & 
Mittnacht, 1992), for Cirsium arvense (L.) Scop. and for Polygonum convolvulus (L.) 1-2 plants/m² 
(Börner, 1995), whereas for most broad-leaved weed species it is closer to 40-90 plants/m² (Bartels et 
al., 1983; Zanin et al., 1993). For Alopecurus myosuroides (Huds.) threshold densities of 25-35 
plants/m² have been determined (Wellmann & Feucht, 2002) compared with 10-20 plants/m² for Apera 
spica-venti (L.) (Wahmhoff & Heitefuss, 1985; Niemann, 1986). The economic thresholds have not 
consequently been adjusted to the actual grain price and weed control costs. Therefore, they need to be 
used as an approximate value to decide about weed control methods.  
 
Weed-cop interactions are rather complex. Most people assume that weeds and crops compete for 
light, water and nutrients (Wilson & Wright 1990) and decrease quality and quantity of yield but 
weeds may also favour and stimulate crop growth and development. Weed management practices aim 
to reduce the negative effects of weeds on crop growth and yield. In the literature, different approaches 
are described to quantify those negative effects. Wahmhoff & Heitefuss (1985), Niemann (1986) and 
Cousens (1985) used weed density or relative weed coverage to estimate yield loss caused by weed 
competition. Kropff & Spitters (1991) found that relative time of emergence of weeds correlated to 
crop yield loss and Lindquist et al. (1998) measured crop and weed biomass to assess weed 
competition.  
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Computerized decision models helped farmers define the need for weed control supporting an optimal 
choice of herbicides and doses (Wiles et al., 1996). The first group of models (efficacy-based models) 
include large and updated databases with herbicide performances in different crops and prices to select 
the most efficient herbicides with the lowest costs. The second group of models (population-based 
models) uses biological data to determine the relationship between weed control and yield increase or 
weed density and yield loss (Cousens, 1985; Kropff & Spitters, 1991; Pallut, 1992) and estimates 
changes in the soil seed-bank (Forcella et al., 1996).  
 
However, none of these decision rules have considered the spatial variation of weed populations 
within a field. The use of field-scale mean density estimates in spatially heterogeneous weed 
populations results in under-prediction of yield loss at locations where weed density is high and over-
prediction in parts of the field where weed densities are low or weeds are absent (Lindquist et al., 
1998; Brain & Cousens, 1990). Spatial variation in weed density must thus be considered in the 
development of economic weed thresholds (Lindquist et al., 1998; Brain & Cousens, 1990; Holst et al. 
2007). Christensen et al. (2003) determined the economic optimal herbicide dose with respect to the 
spatial heterogeneous weed distribution, weed competition and population dynamics. This strategy 
was tested in a five-year experiment and resulted in highest crop yields, lowest soil seed banks and 
equal weed control costs compared to conventional decision models.   
 
Weed populations have been found to be distributed heterogeneously in time and space within 
agricultural fields (Marshall, 1988; Thornton et al., 1990; Wiles et al., 1992; Cardina et al., 1995; 
Johnson et al., 1996; Gerhards et al., 1997; Christensen & Heisel, 1998; Dieleman & Mortensen, 
1999; Perry et al., 2002; Nordmeyer & Zuk, 2003; Gerhards & Christensen, 2003; Gerhards & Oebel, 
2006). They often occur in aggregated patches of varying size or in stripes along the direction of 
cultivation. The spatial distribution of weeds has often been ignored in weed management and weed 
science. With a large within-field variation in weed occurrence, patch spraying, based on the need for 
weed control, may reduce treatment costs as well as herbicidal loading to the environment.  
 
Weed-crop interactions have often been studied in randomized plot experiments with untreated 
“weedy” control plots and plots, where weeds were removed by treatments of different type and 
intensity of weed control (Wahmhoff & Heitefuss, 1985; Cousens 1985, Gerowitt & Heitefuss, 1990). 
Treatments were usually not tested in plots without any weed infestation and weed-free plots without 
any treatment were mostly lacking. Therefore, yield variability between the treatments was associated 
only to weed competition. Effects of the treatment could not be taken into account. Effects by soil 
variability were excluded by the experimental design and variability of weed infestation was mostly 
ignored and only appeared in the standard errors. Plot size was usually relatively small depending on 
the width of machinery. The number of replicates was limited by the work capacity of the researchers.  
 
Several studies have been published reporting about direct effects of physical and chemical weed 
control treatments on crop biomass or yield independent on weed competition. Rasmussen (2008) 
reported about crop soil coverage after weed harrowing which in some studies significantly reduced 
crop yield (Weis et al. 2008). Herbicides in some studies resulted in crop damage (Donald 1998), 
however herbicides may also favour crop growth especially when applied at low doses. This effect has 
been described as Hormesis (Cerdergreen 2008). The relation between weed control and crop damage 
is defined as selectivity (Rasmussen 2008).  
 
Therefore, a different experimental approach was needed that takes into account the temporal and 
spatial heterogeneity of weed populations and allows analysing yield effects separately.  

2 MATERIAL AND METHODS 
A precision experimental design was set up to analyse decision rules for site-specific weed control. In 
2006, the weed seedling distribution in an 8.19 ha winter wheat field was assessed prior to and after 
post-emergence herbicide application and integrated into a Geographical Information System (GIS). 
Bi-spectral imaging techniques and shape analysis were used to assess weed- and crop density and 
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coverage (Fig. 2). Images and other sensor measurements were georeferenced using RTK-GPS. To 
characterize different soil conditions, the apparent electrical conductivity of the soil (ECa) was 
mapped with an EM 38- sensor (Geonics Ltd., Ontario, Canada). The EM 38 values provide estimates 
about soil type and soil water content (Carroll & Oliver, 2005) and are strongly correlated with its clay 
content. This measurement was done to exclude yield differences caused by different soil conditions 
within a field. Alternatively, soil classification of Reichsbodenschätzung were used (Fig. 1) During 
harvest yield was recorded by an automatic yield mapping system using a gravimetric measuring 
system (New Holland) (Fig. 5). The data sampling was conducted on a 3 x 3 meter grid. Interpolation 
methods including linear triangulation interpolation and inverse distance interpolation were applied to 
create continuous maps of each variable measured. A GIS software package (OpenJump) was used to 
overlay and correlate maps. A polygon grid with 8 x 8 m grid size was created and overlaid with the 
following map layers: soil, weed distribution, plot position, treatment maps and crop yield (Table 1).  
 

Table 1: Multi-sensor-system used to study weed-crop interactions in a precision experimental design 
Target Property  Sensor technologies/calibration  
Positioning RTK-GPS (reference station at Ihinger Hof and Hohenheim with mobile rovers 

(Trimble) 
Weed- and crop 
density, weed 
identification,  
Weed- and crop 
coverage 

Digital (bispectral) image analysis using shape, texture and structural features; 
weeds and crops are segmented, a feature training set and discriminant functions 
are developed and classification is made based on a databank of plant species. 
(Gerhards & Christensen, 2003; Gebhardt et al. 2006, Gerhards & Oebel, 2006; 
Weis et al.2007). 
Calibration with visual assessments and countings. 

Vegetation height Ultrasonic sensor to measure plant height (distance) (Dzinaj et al., 1998). 
Calibration with visual countings, plant height measurements. 

Soil water content, 
soil type, soil 
texture 

Electrical conductivity measurements (EM 38). 
Calibration with soil maps and soil sampling. 

Yield sensor Yield mapping sensor in New Holland combiner (gravimetric measurements) 
Calibration with scale 

 
The herbicide treatment was carried out using a Differential Global Positioning System (DGPS) 
controlled, multiple-boom sprayer. This automated sprayer varies the herbicide mixture during the 
application based on a weed species and density distribution map (Fig. 3 and 4). Two herbicide rates 
were used: the full label (100%) and no herbicide. In order to test their efficacy three weed density 
thresholds were set for each herbicide mixture targeting: broadleaves, grasses, and a combination of 
Galium aparine and Matricaria chamomilla.  

3 STATISTICAL ANALYSIS 
For each of the grid cells, the statistics (mean, standard deviation) of underlying maps were calculated. 
A linear mixed model was fitted to the data; the spatial structure was modelled by an anisotropic 
exponential error structure with additional random row and column effects. Yield variability was 
analysed based on soil quality and weed density as covariables and herbicide treatment as factor. The 
statistical model was: 
 

 
 
where y = yield, i = row, j = column, µ = constant, k = weed,         
 ω = factor (1 = application, 0 = no application),                                               
 τ = correlation, β = regression coefficient, x = weed density,                   
 λ = regression coefficient (EM38), z = EM38-value,                                    
  e = Gauß-error with anisotrophical exponential correlation structure 
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Fig. 1: Soil classification and sampling points Fig. 2: Distribution map of grass-weeds, predominantly 

Alopecurus myosuroides 

  
Fig. 3: Weed control treatments Fig. 4: Herbicide application map against grass-weeds 

according to economic weed thresholds 

 
 

Fig. 5: Grain yield map of winter wheat Fig. 6: Autocorrelation and multiple mixed (non linear) 
regression 

4 RESULTS AND DISCUSSION 
The weed seedling distribution in the experimental field was always heterogeneous. The average 
seedling density was 21.6 plants per m2 but patches with a density of up to 365 weeds per m2 were 
found. The results of similar studies also showed that weed species were distributed heterogeneously 
with a high variation in density (Gerhards & Christensen, 2003; Nordmeyer & Zuk, 2002). They also 
found that weeds were mostly aggregated in patches. Therefore, site-specific weed management is 
feasible and may even have economic benefits when herbicide savings compensate for costs for weed 
mapping and patch spraying. The soil classes showed no significant association to weed infestation in 
our experimental field but had a highly significant influence on the yield (0.145 t/ha less yield per unit 
EM 38). The grass weeds had a significant influence on the grain yield whereas the competition of 
broadleaved weeds was not significant in the data. If it was not sprayed there were yield losses about 
0.02 t/ha for one grass weed, 0.009 t/ha for one broadleaved weed and 0.0006 t/ha for one Galium 
aparine or Matricaria chamomilla plant per m2 respectively. If herbicide costs amounting to 50 €/ha 
and a selling price of 155 €/t for wheat were assumed, a yield surplus of 0.3225 t/ha has to be 
generated to warrant the herbicide application. By means of the yield losses and the weed density we 
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derived critical weed densities for the site-specific weed management. The biological weed threshold 
were 20 grasses (Fig. 6), 20 broadleaves and 0 Galium aparine or Matricaria chamomilla plants per 
m2. The biological weed threshold was reached when yield in the treated and untreated plots were 
equal. In grid cells that were sprayed without accomplishing the biological weed threshold we found 
yield depression of 0.8 t/ha, which may be caused by side-effects from the herbicide Isoproturon 
which was applied post-emergent against grass-weeds at a dose of 2.5 l/ha. This enormous yield loss 
can be avoided and significant reductions in herbicide rates can be achieved by site-specific threshold-
based weed management (Ritter et al., 2008). Similar results were found by Gutjahr et al., (2008) for 
chemical weed control in winter barely and maize. Therefore, this technology will play a critical role 
in decision support systems for site-specific weed control. This GIS-based methodology for field 
experiments is suitable for quantifying yield effects of weed competition, soil variability and 
herbicides. It provides more information compared to classical experimental designs and better 
explains weed-crop interactions. It also potentially reduces costs in field trial operations. 
The results of this study can be implemented in decision algorithms in patch spraying. These decision 
algorithms need to estimate the economic benefit of weed control, the long-term costs of weeds that 
remain unsprayed and decide about the optimum herbicide and dosage. 
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Abstract 
Machine guidance and control is only one task to be accomplished in hydrographic applications. On 
water nearly all measurements has to be carried out in kinematic mode. In this paper the Hydrographic 
Multi Sensor System of the HafenCity University Hamburg (HCU-HMSS) will be described. 
Although the navigation and control of the ship is part of hydrographic work, this paper presents the 
positioning and attitude determination and some applications in a hydrographic environment.  
 
Inertial measurement systems and later GNSS satellite navigation in the late 1980’s led to a better 
accuracy and availability of the ships’ positions. The use of multibeam echo sounder (MBES) in the 
1990’s was accompanied by an extended importance of attitude determination. Additionally the huge 
amount of data has to be processed: in order to be more efficient, the operator has to eliminate or 
reduce errors and data in real time on board without extending the expensive ship time. 
 
One aim is to visualize all measurements in real time for quality control. The hydrographic engineer 
sets and modifies all necessary parameters for filtering uncertain measurements of the multibeam echo 
sounder. All depth measurements will be corrected and reduced to the selected reference system, using 
the data of attitude sensors such as inertial measurement units or GNSS systems.  
 
A multi sensor system has to be well optimized and calibrated in order to fulfil all requirements. All 
sensors like GNSS, motion and depth determining sensors have to be synchronized in a well defined 
time scale like the one given with the GPS reference time.    
 
The HCU-HMSS offers the possibility to examine the proper functioning and accuracy of attitude 
determination systems in a kinematic environment. The systems have to be installed onboard the HCU 
survey vessel Level-A or can be examined in the environment of alternate boat. The accuracy of the 
onboard GNSS attitude system is limited by the lengths of the effective baselines between the GNSS 
antennas.   
 
In the near future the possibilities of using terrestrial laserscanning and gravimetry on board will be 
investigated in details. The HCU-HMSS offers a wide range of research topics. 
 
Keywords 
GNSS, inertial measurement unit, Hydrography, multi sensor system, positioning and attitude 
determination 
 

1 INTRODUCTION 
Machine Guidance and Control is only one task to be accomplished in hydrographic applications. The  
survey vessel, namely a ship, boat, Remotely Operated Vehicle (ROV) or Autonomous Underwater 
Vehicle (AUV) usually has to be guided on a survey line or directed to an object under water. On 
water, nearly all measurements have to be carried out in kinematic mode, although the ship is fastened 
at quay walls, normally wind, currents and waves move the vessel in a way that hardly can be modeled 
in real time with simple equations.  
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In the following the Hydrographic Multi Sensor System of the HafenCity University Hamburg (HCU) 
will be described. Although the navigation and control of the ship is part of hydrographic work, this 
paper presents the positioning and attitude determination and some applications in a hydrographic 
environment. The sensors usually are installed on board the HCU-survey vessel Level-A, however the 
modular concept in general allows the integration on various platforms: not only at sea.  
 
In the middle of the last century the positioning of depth measurements was carried out with one or 
two sextants on board a survey vessel, trying to obtain a simultaneous fixing of landmarks or celestial 
objects in order to fix to lines of position (LOP) in the nautical chart and combine this information 
with the depth measurements. Radio navigation (Syledis, LORAN-C, etc.), inertial measurement 
systems, and subsequently GNSS satellite navigation in the late 1980’s led to a better accuracy and 
availability of the ships positions. The use of multibeam echo sounder (MBES) in the 1990’s yielded 
to an extended importance of attitude determination. Additionally the huge amount of data has to be 
processed: in order to be more efficient the operator has to eliminate or reduce errors and data in real 
time on board without extending the expensive ship time. 
 
On board the Level-A the goal is to visualize all measurements in real time for quality control. The 
hydrographic engineer sets and modifies all necessary parameters for filtering uncertain measurements 
of the multibeam echo sounder. All depth measurements will be corrected and reduced to the selected 
reference system, using the data of attitude sensors like inertial measurement or GNSS systems.  

2 THE HCU HYDROGRAPHIC MULTI SENSOR SYSTEM (HCU-
HMSS) 

The core of the HCU-HMSS based on different sensors for positioning and attitude determination of 
the ship, depth measurement or determining features under water, mostly on board our survey vessel 
Level-A. Additionally a magnetometer is used to measure the effects of iron features in the Earth 
magnetic field (Marine Magnetics Mini Explorer, accuracy 0.2 nTesla).  
 
For inland applications of the HMSS in Germany the system is able to use its own reference station or 
the SAPOS reference station system of the German surveying authorities (Satellitenpositionierungs-
dienst der deutschen Landesvermessung). Because reference stations only can be installed on land and 
usually not on the water, and because the measurement areas sometimes are large, the distance to a 
fixed reference station could increase to several kilometres and more. The use of a reference station 
network which reduces the distance-dependent errors like errors in satellite orbit, ionosphere and 
troposphere offers correction data in the RTCM format that leads to a 3D-accuracy of better than 5 cm 
in real time over distances of a few tens of a kilometre. One of the greatest problems sometimes are the 
gaps in the coverage of the communication system using GSM or UMTS. Particularly on water the 
typical telecommunication services have less interest to fill these gaps with additional transmitting 
stations, because the number of customers at sea is rather small. In case of data gaps because of 
missing data link the GNSS raw data can be saved as RINEX data for post processing (with precise 
point positioning (PPP) or PDGPS software). First results can be found in section 3.  
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Figure 1: The HCU-Hydrographic Multi Sensor System 
 
Both GPS and GLONASS data can be used with the Leica RTK System or four GNSS Javad receivers 
working with the real time software system GNNET/GNATTI from the Geo++ GmbH, Garbsen. 
GNNET/GNATTI is based on a modular software system that can be used to determine real time 
position and attitude and combine the data with other defined sensor data (using NMEA or other 
specific data formats), synchronized with GPS time. Both systems can be used with their own 
reference station (using 2m radio data link) or with the SAPOS reference system.  
 
The main attitude determining sensor on board is the IXSEA OCTANS III motion sensor with a 
standard deviation of 0.1° secant (latitude) for the heading, and 0.05° for roll and for pitch. Heave is 
measured with 5 cm or 5%, depending on which value is higher. The OCTANS is a strapdown inertial 
measurement unit with three accelerometers and three fibre-optic gyroscopes, and a real time 
computer. The light (4.3 kg) and compact instrument is easy to install and shows a minor settling time 
of 5 min under normal sea conditions. This unit cannot be supported by GNSS data. 
 
Multibeam depth measurements are carried out by the echo sounder RESON SeaBat 8101, serving 101 
beams with a frequency of 240 kHz, an opening angle of 1.5° per beam (150° opening angle of swath) 
and a measuring data rate of maximum 40 Hz in shallow water.  

 
Figure 2: Use of multibeam echo sounder in HCU-HMSS 



 68 

 
Additionally single beam echo sounders Fahrentholz Litugraph with 15 kHz, 100 kHz, 210 kHz, and 
700 kHz are implemented in the system. Subbottom profiling and side scan operations are carried out 
with the Innomar System SES-2000 and one side scan sonar from Klein Associates. 
 
The software system Qinsy from QPS serves to combine positioning and attitude determination with 
the multibeam depth measurements over LAN and RS interfaces in real time. However it is possible to 
integrate any other sensor elements using NMEA or a free ASCII format as output. All incoming data 
streams receive a time stamp, which is synchronized over a pulse-per-second (PPS) TTL-pulse 
generated by the GNSS unit with GPS time.  
  
Single beam echo sounder measurements are sampled and processed with the WinProfile software of 
the company HydroSupport. The results are modelled and presented mainly with the software 
SURFER or FLEDERMAUS.  
 
In order to receive reliable data from multibeam echo sounding the system components have to be 
calibrated with respect to 

− positioning delay, 
− pitch offset, 
− azimuthal offset, 
− roll offset. 

The calibration is carried out by comparing a combination of different pairs of survey lines which has 
been running  

− with different or same speed  
− over a well defined object or inclined or horizontal plane 
− in one direction or reciprocal. 

The processing takes only a few minutes before starting the project, so that all measurements should 
be well calibrated in real time.    

3 INVESTIGATION OF PRECISE POINT POSITIONING (PPP) 
Precise Point Positioning (PPP) with GNSS based on the accurate modelling of the orbits and clocks of 
the GNSS satellites. The accuracy of real time broadcast orbits is about 160 cm, the satellite clocks are 
given with the accuracy of 7 ns. The International GNSS-Service (IGS) provides after 13 days final 
orbits with an accuracy of better than 5 cm and a modelling of the satellite clocks with better than 0.1 
ns. Additionally absolute phase centre variations (PCV) of the GNSS antennae and transformation 
parameters between the user coordinate system and the basic GNSS coordinate system have to be 
taken into account. Appropriate software uses these corrections from the IGS in post processing and 
calculates PPP positions. 
 
In order to investigate the possibilities of using PPP in hydrographic applications four GNSS antennae 
were installed on board the Level-A on a trip over 40 km on the river Elbe between Wedel and 
Freiburg. Because of hardware problems not all GLONASS satellites could be used in post processing.  
The post processing was carried out by Lambert Wanninger and Anja Heßelbarth from the Technical 
University of Dresden with the software modules Wapp and TripleP (Heßelbarth and Wanninger, 
2008). The comparison between the real time RTK positions on board of the Level-A and the PPP 
solution are described in the following. 
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Fig. 3: Difference between RTK and PPP solution in East (Ost), North (Nord) and Height (Höhe) in the 

balance point of the four antennae. 
 
The difference between the RTK and the PPP solution of the balance point of the antenna array is 
shown in Figure 3. The mean of the difference in the east component is calculated to 0.5 cm (σ=1.1 
cm), in north 1.9 cm (σ=1.4 cm), and in the height 6.9 cm (σ=2.1 cm). 
 
As a next step it has to be investigated if the PPP solutions can be integrated into the hydrographic 
system by using existing high precision RTK solutions to calibrate the PPP coordinates in order to fill 
gaps of positioning.  
 

The accuracy of the PPP solution meets the necessary requirements on the ocean and in several other 
hydrographic applications. More details about the software used can be found in (Heßelbarth and 
Wanninger, 2008). The results above were created in the bachelor thesis of Jörg Münchow in 2009. 

4 INVESTIGATION OF ATTITUDE SENSORS 
Properly working attitude determination is important for the transformation between GNSS antenna 
and hydrographic sensor (like echo sounder) and for the correction of the sensor data itself (for 
example multibeam echo soundings). Usually three different types of attitude sensors are used in an 
hydrographic environment: 

− inertial units (gyros, accelerometer) 

− GNSS supported gyros 

− GNSS multi antenna systems. 

The combination of inertial and GNSS based systems seems to be the best solution, as far as the GNSS 
antenna can be mounted without or with less shading o the signals (Böder 2002). 
 
On board the Level-A an inertial motion sensor (IXSEA OCTANS III) and multi-antenna system is 
installed. Figure 4 shows the possible configuration.  
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Figure 4: Possible configuration for an investigation of attitude sensors (Böder 2009) 

The GNSS attitude determination is carried out by the software GNNET/GNATTI. The longest 
effective baseline length for the attitude components roll and heading are given with 4.35 m 
perpendicular to the ships X-axis, the baseline length for the pitch reaches 4.25 m. An approximation 
for the accuracy of the GNSS attitude determination is given by the following rules of thumb: 
− Heading accuracy  

− 0,3 [° m] / effective baseline [m], 
− Roll and pitch accuracy 

− 0,5 [° m] / effective baseline [m]. 
This is true for two receivers, a better accuracy can be achieved with a system based on four antennae. 
The possible GNSS attitude accuracy on board the Level-A is 0.05° for the heading and 0.10° for roll 
and pitch. 
   
Figure 5 presents the differences between the ship’s system and a sensor often used in hydrography 
with a specified standard deviation of 0.35° for roll and pitch, here called sensor X. The measurements 
were carried out in a usual hydrographic environment on board the Level-A.  

 

Figure 5: Difference between IXSEA OCTANS III and attitude sensor, here called sensor X 
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The investigation shows that the roll component meets all specifications. The calculated standard 
deviation amounts to 0.35°, whereas the standard deviation of the pitch differences reaches 2.03° with 
maximum differences of about +10° and -6.5°, even when the ship was traveling on a survey line for 
depth measurements.  
 
These and other investigations are indicating that the improper use of attitude sensors onboard may 
yield to errors in depth measurements. It is possible to test sensors onboard the Level-A, and also 
onboard of other vessels with the HCU-HMSS, see also (Böder 2002, Böder 2006, Böder 2009). 

5 RESEARCH APPLICATIONS OF THE HCU-HMSS 
In 2008 and 2009 several research institutes asked for assistance in geophysical and archaeological 
issues. In Böder and Wessel (2008) the investigation of pockmarks in the Lake Constance has been 
presented. In terms of a project single beam echo soundings were showing bubbles coming out of 
crater structures. Using MBES and subbottom echo sounding these structures, some active and some 
without bubbles have been investigated. The diameter of the craters reaches up to 20 m with a depth of 
about 4.5 m. The behaviour of the bubbles in the water column is interesting for geophysics research, 
they can be investigated by acoustic methods. More details are discussed in Böder and Wessel (2008). 
 
Another geophysic but also geodetic application has been tested in the river Elbe near Glückstadt. In 
order to receive an higher resolution of the Earth’s gravity field a former Russian submarine 
gravimeter (Chekan AM) from the German company Gravionic was installed on board the Level-A. 
The positioning of the gravimeter was carried out with the SAPOS RTK solution and the IXSEA 
OCTANS III. Depth measurements were carried out simultaneously in order to calculate the Bouguer 
anomalies.  The goal of the measurements was to gain a better information about the geoid for a high 
precision height determination (mm-accuracy over a distance of 2.4 km) between left and right bank of 
the river, see Hirt et al. (2008). 

 

Detecting and visualizing archaeological objects and structures under water with high resolution 
and accuracy requires a well optimized system. Visualization of high resolution depth measurements 
helps the archaeologists to find a meaning in a medium in which the visibility reaches only a few 
decimeters. Divers sketches may help in this case, however high precision and high resolution depth 
measurements should be made in the first place. 
 
In 2008 several investigations of archaeological objects have been carried out in the German fjord 
Schlei near the ancient Viking city Haithabu in the course of the International Hydrography Summer 
Camp 2008, where several wrecks and the so-called ”Seesperre” (sea barrier, around 800 AC) was 
measured. In the Lake Constance several areas of archaeological interest, for example ancient remains 
of lake-sided villages of pile dwellings and in the river Elbe military wrecks of the 2nd World War and 
an old boat from the Middle Age (around 1630) have been observed. Detailed information can be 
generated from point clouds with high resolution and high precision. However the hydrographic 
surveyor should be aware of the quality of his data and the visualization methods. 
 

In cooperation with the company Dr. Hesse and Partner (DHPI), Hamburg, an terrestrial laserscanner 
from Zoller&Froehlich was installed on board the Level-A. The positioning and attitude determination 
was carried out with the SAPOS RTK solution and the IXSEA OCTANS III. Figure 6 shows the 
installation onboard, the analysis of the results is still under progress at DHPI.  

 

This implementation of the scanner will help to measure features above the waterline, like quay walls, 
shoreline, construction sites, and tidelands. Recently the HCU acquired the laser scanner Riegl VZ-
400, which will be implemented onboard in the near future. The sensor reaches up to 500m in the long 
range mode (42,000 measurements per second) and 300m in the high speed mode (125,000 
measurements per second), both with an accuracy of 5mm (1σ).  



 72 

  

 
 

Figure 6: Installation of a terrestrial laserscanner from Zoller&Froehlich (owner: company DHPI) on 
board the Level-A 

In this application the accuracy highly depends on the accuracy of the motion sensor. The uncertainty 
of the IXSEA Octans III, especially in heading (0.17° at the latitude of Hamburg), leads to positioning 
errors up to 1.5m at a distance of about 500m. This leads us back to the requirement that the sensors 
and software for positioning and attitude determination have to be optimized in a hydrographic multi 
sensor system. 

 
CONCLUSIONS 
Modern hydrographic systems offer a range of new applications. A multi sensor system has to be well 
optimized and calibrated in order to meet all requirements. All sensors like GNSS, motion and depth 
determining sensors have to be synchronized in a well defined time scale like the one given with the 
GPS reference time.    
 
The HCU-HMSS offers the possibility to examine the functioning and accuracy of attitude 
determination systems in a kinematic environment. The systems have to be installed on board the 
Level-A or can be examined in the environment of another survey vessel. Using our GNSS attitude 
system the accuracy is limited by the length of the effective baselines.   
 
In the near future the possibilities of using terrestrial laserscanning and gravimetry on board will be 
investigated in more detail. The HCU-HMSS offers a wide range of research topics which has not 
been investigated yet.   
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Abstract 
High performance kinematic multi-sensor technology has become the core sensor equipment for the 
Mobile Road Mapping System (MoSES), that is using high-performance scanners and multiple 
cameras for mobile applications. The MoSES system is applied for rapid airfield monitoring as well as 
for highway construction projects or high-precision railway tunnel surveys. The resulting data is 
generated with engineering survey accuracy, but much faster and with much higher resolution, so that 
we have called the survey method “kinematic engineering surveying”. The results are mostly used as 
precise survey information for planning or monitoring tasks or high precision machine guidance. The 
technical development has moved to a stage, that high-end applications are mostly based on laser-
scanner technology. Various laser scanner types with up to 4 laser scanners in parallel are supported 
by the 3D Mapping mobile technology. High performance static 3D laser scanners, which are capable 
of performing profiling measurement modes, can be used kinematically with the MoSES system. A 
special mounting and rapid-calibration procedure is provided by 3D Mapping to enable the use of e.g. 
Zoller&Froehlich, Leica or FARO 3D laser scanners for kinematic applications. Exemplary projects, 
that will be described in the paper, are high-speed surveys of automobile industry test sites, highway 
monitoring and subway tunnel surveys. 
 
Keywords 
GPS, kinematic survey, laser scanning, highway survey, race track survey, tunnel monitoring 
 

 
Figure 1: The Mobile Road Mapping System (MoSES), which is currently equipped with 8 cameras, 2 

standard scanners and 2 high performance scanners, such as Zoller & Fröhlich 5006, Leica HDS 6000 or 
FARO Photon. 
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1 INTRODUCTION 
Road or rail construction or monitoring tasks require reliable survey data. Kinematic survey methods 
offer new high-precision survey possibilities. Mobile technology minimizes the survey effort to 
capture the required data along existing roads and railways. Only a comparatively short driving time is 
needed for data collection, while the traffic flow is not significantly affected. This approach reduces 
both costs and safety risks. For these reasons, the capabilities of the Mobile Road Mapping System 
(MoSES) have been largely expanded, so that high-precision engineering survey projects can be 
carried out with this kinematic survey system. 3D Mapping Solutions GmbH does service projects and 
develops and sells the necessary hardware and software, so that customers are enabled to successfully 
operate mobile mapping systems. The latest developments enable the full kinematic usage of  high 
performance 3D scanners, that are capable of profiling measurement modes. The kinematic survey 
with laser scanners plays a major role for new possibilities of construction machine control and 
guidance based on the kinematic survey results.  
 

2 THE MOBILE ROAD MAPPING SYSTEM (MOSES)  
In a kinematic multisensor survey system the following sensor groups are typically required for high 
precision applications: 

- Trajectory determination system (IMU, DGPS, odometer) 
- Laser scanners 
- Multiple cameras 
 

MoSES has been designed as a multisensor survey van to capture all relevant road or railway data in a 
cost-effective way without obstruction of the traffic flow (Figure 1) [1]. The system combines sensors 
with complementary measurement characteristics. A multi-camera system for photogrammetric survey 
and a number of laser scanners are mounted together on a calibrated measurement platform. The 
multisensor equipment covers a corridor along the route travelled with a total measured width to each 
side of at least 25 m. External orientation to georeference the collected data of all sensors is provided 
by a multisensor trajectory module combining IMU, DGPS and odometer measurements of high 
accuracy [1]. Reliability and stability of the trajectory module are the key to the MoSES’s capability to 
serve high precision tasks [3].  
 
Of course the sensors themselves must be qualified for high performance applications: 

- The trajectory determination system must be able to deliver a trajectory of high internal 
accuracy and reliability without any unpredictable changes, jumps etc. This is not only a 
hardware, but mainly a sensor integration and software specification, which is not easily 
fulfilled by trajectory systems. 

- The laser scanners must allow sufficient single point accuracy, typically required below 5 mm 
standard deviation, low noise measurements and good performance on a broad range of target 
materials ranging from bright white or metal to very dark or dusty targets. 

- The cameras have to be carefully calibrated for photogrammetric survey purposes. 
 
The system architecture is modular, so that it can be adapted to different tasks by using various sensor 
configurations.  
 

3 COMBINING MULTIPLE CAMERA AND LASER SCANNER 
SURVEY   

3.1 Multiple Camera Photogrammetric Survey 
The multiple camera system covers up to 360° field of view, depending on the camera configuration. 
All cameras are sensor calibrated and their orientation within the vehicle body coordinate system is 
precisely known. Under the precondition, that image data capturing and the trajectory are carefully 
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time synchronized, the vehicle orientation can be transformed into an individual camera orientation 
without significant loss of accuracy. This enables the multi-camera object survey in a free 
configuration. For object coordinate determination, any image may be used, in which the object is 
visible. Calculation is based on a bundle adjustment algorithm. This procedure gives full flexibility to 
the operator doing photogrammetric object determination using the 3D Road View software (fig. 2). 
Each object and its GIS attributes are directly stored to a database. Accuracy depends on the geometric 
camera configuration. An accuracy of below 1-2 cm standard deviation relative to the vehicle can be 
reached for typical objects.  

 
Figure 2: 3D Road View Software for viewing the MoSES image documentation, road database objects 

along the road and for doing photogrammetric object coordinate and attribute determination. 
 

3.2 Laser Scanner Point Clouds 
The laser scanner module supports the use of high performance 3D laser scanners in profiling mode. 
The Zoller & Fröhlich, Leica or FARO products are mounted on special platforms on the MoSES and 
can be integrated into the van’s survey platform in a profiling survey mode by “plug & play” methods. 
Calibration with respect to the vehicle body coordinate system is achieved by a quick calibration 
procedure of sufficient accuracy, which does not require additional external equipment. The high 
performance scanner operation concept has been designed following a dual-use philosophy. The 
scanners may be used stationary for typical 3D laser scanning tasks. If needed, they can directly be 
mounted to the specially designed roof-rack of MoSES and can be prepared and calibrated for 
kinematic survey tasks at the survey site within short time. After mission completion, the scanner may 
be used in stationary 3D mode again.  
A core feature of modern laser scanning systems is the enormous point density combined with high 
measurement resolution below 1 mm. The laser scanner polar coordinate measurements are precisely 
synchronized to the trajectory, so that the digitised points can directly be georeferenced. The resulting  
point clouds are the basis for all information, which is further derived from scanner data. Those results 
may be digital surface models, e.g. for roads, or the generation of tunnel profiles for subways etc. Due 
to the high resolution of the point clouds even object coordinate measurements are possible. The 
density of profiles varies with driving speed. The laser scanners on the MoSES system allow mirror 
rotation frequencies between 50 Hz (FARO Photon, Leica HDS 6000, ZF 5006), 75 Hz (Sick) and 
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100 Hz (ZF Profiler). Each high performance scanner profile may contain up to 10.000 points (ZF 
5006). The kinematic measurement accuracy evaluations for high performance laser scanners show, 
that the standard deviation for a single point can be expected in a range of 1-2 mm (ZF 5006). Figure 3 
and 10 contain snapshots of the raw 3D laser scanner point cloud resulting from kinematic surveys, 
which were carried out at driving speed. Modern software packages enable the operator to work 
efficiently within these raw data clouds, which may contain point numbers in the range of 108 to 109. 

 
Figure 3: Laser scanner point cloud derived from kinematic survey data of multiple missions along a 

highway intersection. 

4 CONCEPT FOR ROAD CONSTRUCTION MACHINE GUIDANCE 
BY PRECISE 3D SCANNER DATA 

The digital road surface determination combines the following advantages: 
- The road surface is digitised completely without gaps or outages. Usually the measurement 

point density is much higher than the needed grid resolution, so that any pothole or rut is 
precisely captured. 

- The road surface data is used as a basis for planning and design of the new road surface. For 
road sections with simple design, the new road surface may even be generated automatically 
out of the existing road surface model using best fit surface adjustment techniques. 

 
This means, that after completion of planning and design, the height differences between the existing 
road surface and the new, planned road surface are known precisely, so that for example the surface 
cutting depth for a milling machine is exactly known for each point of the road surface grid. Figure 4 
illustrates the concept, that results from this new technical possibility, using the milling machine as a 
example for machine guidance.  In practical terms, the concept illustrated in figure 4 would mean, that 
a MoSES-like van could survey building sites, e.g. on highways, prior to the project. Due to the 
systems mobility, several construction sites can be captured in short time. The data processing results 
are used for surface planning and design. The resulting cutting depth for each grid coordinate may be 
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used to guide a milling machine. After completion of the milling process, the survey van can be used 
again to control quality and volume of the excavated pavement material. The same control method 
could be applied for each part of the working process to build the new road surface. Such a kinematic 
survey system can also easily be used for final road surface quality control. 

 
Figure 4: Concept for the possible machine guidance application using digital road surface models for 

steering the cutting depth of a milling machine. 
 

5 DIGITAL 3D ROAD SURFACE MODELS 
Digital 3D road surface models may be generated from laser scanner data. The surface model 
determination can be regarded as a filtering process, that transforms the laser scanner point clouds to 
road survey results, that match civil engineering data representation standards. The generation of 3D 
digital surface models based on laser scanner measurements requires robust model determination and 
sophisticated quality control. The regular grid for the road model is orientated along the road axis. The 
grid is based on cross-sections at regular distances with constant spacing between the points within 
each profile. This method of generating the grid was chosen, because the results can easily be 
integrated into standard road planning software packages, which organize their datasets in the same 
way. The grid density is flexible. Surface models of a length between 0.5 to 120 km with a point 
spacing between 0.005 m and 5.0 m have been processed so far. For each grid coordinate, a best-fit, 
multidimensional surface function is determined using robust estimation techniques [1]. The 
estimation is based on the scanner measurements around the desired grid point. The resulting function 
is used to calculate the smoothed height for each grid point. The results are digital road models of high 
quality (compare Figure 5). The absolute height precision of the digital road surface models reaches 3–
4 mm using the  MoSES survey equipment and a few ground control points.  
 

Kinematic survey system with laser 
scanners and cameras 

Road survey and 
data processing 

Digital Road Surface Model  
Grid resolution, e.g.: 10 or 20 cm 
Height resolution: 1 mm 

Design of the new road surface  Automatic generation of the milling 
depth at each grid coordinate 

Automatically controlled and 
guided Milling Machine 

Road Survey Road Surface Construction 

External machine control and 
guidance system only responsible for 
exact machine positioning, e.g. 
automatic tachymeter or RTK DGPS 

Milling depth per 
grid coordinate 

Positions 
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5.1 Application example: Highway survey   
Main applications for kinematic engineering survey methods are highway projects with the aim to gain 
all relevant highway data for precise road reconstruction planning. In this field, MoSES may replace 
static engineering survey methods in future. The link between static survey, road reconstruction and 
the kinematic survey data are the ground control points, which enable the precise transformation of 
kinematic survey data to the local coordinate system. 

 
Figure 5: 3D Road model of a highway intersection with colour coded height values for a 20 x 20 cm 

regular grid. 
 

 
Figure 6: Camera image of an automobile industry test track simulating harsh driving conditions. 
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5.2 Application example: Test track survey   
The survey of automobile test tracks is the absolute high-end kinematic engineering survey 
application. Typical projects require 5 mm x 5 mm grid results with 1 mm relative height accuracy. 
These project requirements are solved by careful calibration and sophisticated software, which 
includes robust filtering of the road surface and  precise road surface determination. 

 
Figure 7: Colour coded visualisation of the road surface model of an automobile industry test track 

simulating harsh driving conditions. 

 
Figure 8: Colour coded visualisation of the road surface model of an automobile industry test track. For 

this image, a road dynamic simulation software has been used. 
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5.3 Application example: Subway network survey   
The survey of subway networks is a main application for kinematic high precision survey systems. 
Subway network surveys have to gain data with precise absolute coordinates, have to cover the full 
360° tunnel shape, have to provide a 360° image documentation of the tunnel and have to generate all 
rail infrastructure, such as rails, electricity etc. Using kinematic engineering survey techniques offers 
huge advantages, compared to trolley based systems, e.g. higher data quality and speed. Precondition 
for a subway network survey is the integration of a high precision IMU, e.g. based on laser gyros, with 
a drift below 0.01°/ h . Subway tunnel surveys with MoSES can be carried out in very fast and 
flexible way. The data acquisition for a whole subway network may be finished in a couple of days. 
The survey results are generated by object or feature determination within the point clouds, within the 
photogrammetric images or by combined methods.  
 

Figure 8: Infrared camera images used for photogrammetric object survey in the tunnel. Camera front 
left (above left), camera front right (above right), camera behind left (below left) and camera behind right 

(below right). 
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Figure 9: Example for object data acquisition using the 3D Road View software package. 

 

 
Figure 10: Example for a kinematically derived laser scanner dataset of a subway tunnel. In this case, only 

one scanner point cloud is displayed. For a tunnel survey, two high performance scanners are used in 
parallel. 

 

6 CONCLUSIONS   
Kinematic surveys with high precision laser scanners open a number of new survey application areas 
for road or railway construction tasks. In this paper some engineering examples have been presented. 
High performance scanners are expected to reach at least 0.002 m relative height accuracy. The huge 
point resolution and precision of the scanner data on the road surface lead to ideas for new concepts 
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for machine control and guidance, that have been illustrated using a milling machine as an example. 
The information, which is contained within scanner data, is used more and more for high-end 
surveying tasks, that require high performance. Sophisticated guidance applications, such as road 
construction, tunnel monitoring or robotic steering become possible. Future developments will 
concentrate on this field. As far as scanner technology is concerned, calibration and scanner 
technology evaluation will also require some development effort in future. 
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Abstract 
For several terrestrial laser scanning applications, it is important to register different static 3D laser 
scans with locally different coordinate systems in one standard coordinate system. This paper deals 
with a sensor fusion, which consists of a terrestrial laser scanner (TLS) and additional sensors for an 
efficient direct geo-referencing of such laser scans. An efficient way to determine the transformation 
parameters –position vector and orientation– is the direct observation of these parameters with 
geodetic positioning sensors. While the determination of the position vector by GNSS or tacheometry 
measurements is an easygoing task, the determination of the orientation is challenging. In order to 
determine this orientation information the constant rotation of the TLS about its vertical axis is used 
with a synchronous high frequency 3D tracking of a characteristic point on the TLS, e.g., the antenna 
reference point of the GNSS antenna or a prism. The 3D track is evaluated within an adaptive 
extended Kalman Filter approach. As a result we obtain the filtered positions and the orientation of all 
three axes. To show the potential of the described procedure for the direct geo-referencing a practical 
experiment is performed with simultaneous tracking of the TLS by GNSS and tacheometry 
measurements. The results for the geo-referencing of the captured laser scans are compared with each 
other as well as with the results determined by the classical geo-referencing with artificial control 
points. 
 
Keywords 
Terrestrial Laser Scanning, Geo-referencing, Kalman Filtering, Tracking 
 

1 INTRODUCTION 
The terrestrial laser scanning technique has been established nowadays in the engineering geodesy. 
The benefit of this technique is the immediate data acquisition in 3D space with a high spatial 
resolution as well as with a very high frequency. However, the gathered 3D point cloud is given 
generally in a relative or local sensor-defined coordinate system, which could be disadvantageous for 
several applications in engineering geodesy. Hence, there is a basic necessity for estimation of the 
single fixed translation and orientation of the terrestrial laser scanner (TLS) in relation to an absolute 
or global coordinate system. This is the typical registration and/or geo-referencing task in the static 
scanning domain. Whenever a combination of several scans from locally different stations into one 
standard coordinate system (registration) is required, the transformation parameters for each scan have 
to be estimated. This can be done by iterative algorithms, e.g., the Iterative Closest Point (ICP) 
algorithm [Besl & McKay, 1992], or by identifying several artificial control points in each scan. For 
an additional link to an absolute or global coordinate system (geo-referencing), control points with a 
known geodetic datum are indispensable. If the geodetic datum of the control points has also to be 
determined, the procedure would be complex and time-consuming due to an additional and 
independent surveying. 
 
A well-known procedure from the kinematic scanning domain can be used to find an efficient way for 
the geo-referencing task of a static laser scanner station. Typically 2D profiles with time-dependent 
translation vector and orientation are observed in kinematic scanning applications. The transformation 
parameters for each 2D profile are acquired by the tracking of the TLS with navigation sensors such 
as, e.g., GNSS equipment and inertial measurement unit, and are estimated in a Kalman Filtering 
process [Vennegeerts et al., 2008]. 
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It is possible, however, to transfer the above mentioned procedure from the kinematic scanning 
domain to the static scanning. At first there is the tracking of the position and orientation, which can be 
derived by the orbital motion of the fixed laser scanner station. Therefore a multi-sensor system (MSS) 
is built by a laser scanner, navigation sensors, and geodetic positioning sensors, which is comparable 
to the setup of a MSS for kinematic scanning applications (known as mobile mapping system) 
[Vennegeerts et al., 2008]. For the estimation of the transformation parameters, which are constant for 
the whole 3D laser scan, a Kalman filtering process is initiated. These parameters may also be used as 
appropriate start values with variance information for iterative algorithms for registration tasks without 
the need of any control points. 
 
The paper is organized as follows. Section 2 describes the concept for geo-referencing of terrestrial 3D 
laser scans by the tracking of a TLS-based MSS by means of geodetic positioning sensors. Also a brief 
overview about the modelling within a Kalman Filter as well as an overview of the analysis strategy 
are given. In Section 3 the realization of a prototype implementation is presented. Furthermore 
practical investigations with different geodetic positioning sensors as well as a comparison of these 
results with the results determined by the classical geo-referencing with artificial control points is 
given. Finally, Section 4 summarizes the results and gives an outlook for future work. 

2 CONCEPT FOR GEO-REFERENCING OF TERRESTRIAL 3D 
LASER SCANS 

In Section 1 the clear advantages of tracking a laser scanner for geo-referencing by means of geodetic 
sensors in comparison with the traditional way by using control points was already shown. The main 
benefit is the direct observation of the required transformation parameters from the local sensor-
defined coordinate system, given by the MSS, to a global coordinate system. This 3D transformation is 
defined by a translation vector, which is equal to the position of the MSS, and a rotation matrix. This 
matrix contains the orientations of the three axes of the MSS, comparable to roll, pitch and yaw angle 
known from aeronautics. This transformation has at least six degrees of freedom (dof) which have to 
determined by observation and estimation. Because of the fixed terrestrial MSS, which can be 
orientated to the center of gravity, the spatial rotations (roll and pitch) about the X- and Y-axis of the 
MSS can be minimized. However, four of the six dof, the position vector as well as the azimuthal 
orientation (yaw), are essential for the 3D transformation. 
 
The straightforward task of determining the position vector of the TLS has also been treated by 
commercial manufacturers of laser scanners such as, e.g., Leica Geosystems and Riegl [Web1, Web2]. 
Riegl uses an integrated L1 GPS receiver while Leica Geosystems gives the option to adapt standard 
surveying equipment such as the Leica GPS SmartAntenna or prism holder. The just mentioned 3D 
positioning sensors are centrically adapted on top of the TLS. The field of view (fov) of the Leica 
scanner is limited in the overhead area whereas the fov of the Riegl scanner is not influenced. Note 
that both manufacturers do not provide a direct azimuthal orientation with the adapted sensors. 
Therefore additional artificial control points with known coordinates nearby the scanning area are 
needed. Both manufacturers have integrated inclination sensors so that an orientation of the sensor to 
the center of gravity is possible. 
 
Hence, a strategy for direct geo-referencing of a TLS is needed which overcomes all limitations 
mentioned above. At the Geodetic Institute of the Leibniz Universität Hannover (GIH) an adapted 
sensor-driven method is developed to determine the 3D transformation for a static TLS station.  
An efficient way of scanning huge objects from several static stations can be achieved by mounting the 
MSS on a mobile platform. Please note that the data acquisition is only performed statically on 
selective stations in contrast to classical mobile mapping applications where the data acquisition is 
done in motion. The strategy can be divided into a hardware part dealing with the aspects of the sensor 
fusion in the MSS and a software part dealing with the different algorithms for the transformation 
parameters estimation. 
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2.1 Hardware part: Sensor fusion in the MSS 
The developed MSS is composed by of a sensor fusion of a phase-based TLS, which is the main 
sensor, and of additional geodetic positioning and navigation sensors which are required to observe the 
transformation parameters. While developing the MSS, several issues have to be considered. The 
operation of the laser scanner should neither be restricted nor disturbed by any of the enlisted 
additional sensors. Hence, one has to take advantage of the individual characteristic of any sensor. 
Here one can point out the usage of the constant rotation of the laser scanner about its vertical axis as 
time and orientation reference. This is a major difference compared with the commercial realizations 
which are discussed in a subsequent section. The TLS characteristic of a high frequency data 
acquisition rate with in general more than 10 Hz for the used phase-based TLS demands adequate data 
rates for the additional positioning and navigation sensors to derive reliable transformation parameters. 
If the data rate of the positioning sensor differs significantly from the data acquisition rate of the TLS 
an appropriately good motion model of the TLS and a suitable interpolation method for the positioning 
data are required, respectively. Indispensable in the MSS is the synchronization of all enlisted sensors 
so that the individual measurements could be temporally related to each other. For this reason, it is 
useful to define a unique time reference in the MSS. The most suitable way is to use GPS time as 
reference because GNSS equipment is usually one of the enlisted sensors in the MSS. For further 
details about the time synchronization in the MSS please refer to [Paffenholz & Kutterer, 2008]. 
 
As a minimum number of additional sensors for tracking the orbital motion of the fixed laser scanner 
station one geodetic positioning sensor is required. This sensor is adapted eccentrically on top of the 
laser scanner. Nevertheless, if one or two positioning sensors are used, the trajectory of a characteristic 
point on the TLS is a space curve which is described by the orbital motion of the laser scanner (cf. 
Figure 2). The case of mounting two positioning sensors at the same time on top of the laser scanner 
may lead to different approaches within the scope of the pre-processing of the 3D tracking data. We 
can sum up that the used geodetic positioning sensor for the 3D tracking of the orbital motion of the 
TLS is a flexible choice depending on the environment of the laser scanner station. For instance GNSS 
equipment or a tacheometer can be used. In such a case the characteristic point on top of the TLS will 
be equipped with a GNSS antenna or with a prism, respectively. 
 
This minimum number of additional sensors especially for the tracking of the orbital motion leads to 
the fact that only four of the six dof are determinable. If the MSS can be mounted horizontally, any 
residual divergence of the orientation to the center of gravity can be neglected in first approximation. 
This is feasible if the integrated inclinometers are used to mount the fixed MSS station with respect to 
the center of gravity before the measurements. 
 
In [Paffenholz et al., 2010] an optimization of the direct geo-referencing strategy is described by 
further sensor modifications in the MSS. In addition to the positioning sensors, navigations sensors 
(inclinometers) to estimate the remaining two dof (the spatial rotations about the X- and Y-axis of the 
MSS) were integrated in the MSS. For synchronization purposes an external process computer with 
integrated analogous-digital converter is used. The challenge of using the integrated inclinometers is 
the synchronization of the data because a parallel way of synchronization to the external sensors is not 
available at the moment. 
Besides the briefly described modification, the horizontal motor steps of the laser scanner were 
introduced to the algorithm as additional information about the orbital motion of the laser scanner. The 
synchronization of this new data source is instantaneously available by the general synchronization 
pulse of the laser scanner which corresponds to the progress in the horizontal rotation of the laser 
scanner about its vertical axis. 

2.2 Software part: Transformation parameters estimation 
The described sensor modification and additionally available data sources lead to significant 
modifications of the algorithm for the estimation of the transformation parameters given in [Paffenholz 
et al., 2009]. In addition, and due to the consideration of all dof of the transformation from the local to 
the global coordinate system, a more accurate estimation of the unknown parameters is expected. This 
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subsection gives a brief overview about the algorithmic part of the transformation parameters 
estimation. For a detailed discussion of the algorithmic part please refer to [Paffenholz et al., 2010]. 
 
The current algorithm was developed in a closed form on basis of a Kalman Filter (KF), which 
determines the required transformation parameters as an output. The first algorithm to derive the 
transformation parameters [Paffenholz & Kutterer, 2008] was separated in two parameter estimations 
which are computed by means of a least-squares adjustment. First, a projection onto a best-fitting 
plane for all 3D positions is determined. Second, an estimation of a best-fitting circle through the 
projected positions is computed. The main drawback of the mentioned two-step model is that the data 
acquisition must be finalised before the processing steps can be performed. In addition, a setup of two 
separated adjustments with extra outlier detection is required. 
 
The current algorithm based on a KF resolved the above mentioned disadvantages. On the one hand 
the KF allows a real-time processing. On the other hand the parameter estimation is less sensitive 
against outliers. The main aim of a KF is the optimal combination of given physical information for a 
system and external observations of its state. The modelling of the orbital motion of the static MSS is 
comparable to the general modelling of trajectories of moving vehicles, which often leads to 
nonlinearities in the system equations of the KF. The functional relationship between the vehicle 
(MSS) coordinates and the other state parameters is generally nonlinear [Simon, 2006]. However, the 
state estimation within a KF is optimal only in case of linear state space systems. The extended 
Kalman filter (EKF) is the most widely-used technique for solving nonlinearities in the system and 
measurement equations. Further details about the EKF, which is based on an approximation of the 
nonlinear functions by a Taylor series expansion, can be found in, e.g., [Simon, 2006]. The EKF 
algorithm is additionally supplemented with adaptive parameters. These system specific parameters 
are time-invariant with well known initial values. The adaption with additional parameters in the 
dynamic model might improve the filtering and brings the model closer to reality [Eichhorn, 2007]. 
 
The algorithm part of the strategy -from the data acquisition to the estimation of the transformation 
parameters- can be divided into five parts: 
Part I deals with the data acquisition in the MSS. In detail this is the scanned scene by the TLS, the 3D 
tracking data gathered by the geodetic positioning sensors -GNSS equipment or tacheometer with 
prism-, additional navigation sensors -external inclinometers-, and the synchronization information 
registered by a real-time process computer. 
In part II the unique time reference for the MSS, the GPS time is introduced for all data sources. 
Part III deals with the data fusion of all gathered data sources. For each 2D profile of the 3D point 
cloud the corresponding 3D tracking position as well as inclination has to be determined by an 
interpolation with respect to the time stamp of each 2D profile. 
Part IV treats the core of the algorithm. By an EKF with adaptive parameters (AEKF) the estimation of 
the transformation parameters is performed. Besides the already mentioned observations, three system 
parameters are integrated into the AEKF as adaptive parameters. These time invariant parameters are 
determined in an independent procedure with high accuracy by a laser tracker. For more details about 
the modelling of the motion of the MSS, the system equations elements, and the measurement model 
please refer to [Paffenholz et al., 2010]. 
The final part V deals with the transformation of the 3D point cloud from the local sensor-defined to a 
global coordinate system. 

3 PRACTICAL INVESTIGATIONS 
The practical experiment was performed in front of the Welfenschloss, the main building of the 
Leibniz Universität Hannover (Figure 1). The scan object is the "Lower Saxony Steed" (Lower 
Saxony’s landmark). The acquisition of the laser scans is carried out with a Zoller+Fröhlich (Z+F) 
Imager 5006 in normal 3D mode at two different stations in front of the steed with 15 m distance from 
the object. As a typical scan parameter “high, low noise” has been used for horizontal positions from 
0° up to 365°. The scanning time was approximately 15 minutes per station. 
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Figure 1: Configuration of the practical experiment in front of the Leibniz Universität Hannover (Image 

by Google Maps) 
 
The orbital motion of the laser scanner was observed with different geodetic sensors, installed on top 
of the laser scanner. As previously described, various positioning sensors may be used for this task. 
Considering a possible application in a standard engineering office, classical geodetic sensors should 
be used as far as possible. Hence, it can be assumed that GNSS equipment and tacheometers are 
available. 
 
In positive Y-axis direction of the laser scanner a JAVAD GRANT G3T GNSS antenna was adapted. 
The corresponding JAVAD GNSS receiver Delta G3T operated with a data rate of 100 Hz. In addition, 
a Leica GRZ4 360 degree prism was installed in negative Y-axis direction of the TLS. This prism was 
tracked by a Leica TS30 robot tacheometer. For this purpose the tacheometer was set to the "lock 
mode" and polled twice per second the measurements. Furthermore two navigation sensors (Schaevitz 
single axis inclinometers) were mounted on top of the laser scanner to explore any tumbling. Each of 
them observed one spatial rotation about the X- and Y-axis, respectively (cf. Figure 2). To obtain 
precise 3D positions for the orbital motion of the antenna reference point a GNSS reference station 
(Leica GRX1200GGPRO receiver with Leica AT504GG antenna at 20 Hz data rate) on top of the GIH 
(about 625 m from the scanning area) was used. 
 
The merging of the different data sources was realized by means of an external real-time process 
computer. In this way, time synchronization for the 3D tracking positions, inclinometer measurements 
and the 3D point cloud could be guaranteed. 
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Figure 2: MSS prototype; left: MSS in front of the scanning object; right: sketch of the MSS 

 
The traditional way of georeferencing static terrestrial laser scans was implemented by the scanning of 
control points with known coordinates. The determination of those control point coordinates was 
realized by tacheometry. For a direct comparison of the different geo-referencing technologies, all 
measurements have to be in the same coordinate system. For this purpose a geodetic network in a 
global earth-centred earth-fixed (ECEF) coordinate system was defined. Static GPS measurements and 
several sets of tacheometer measurements on three homologous points (1001, 1002, 1003) were 
accomplished. These data sets allowed the transformation of any other local tacheometer 
measurements to the ECEF coordinate system. 

3.1 Comparison of GNSS and tacheometry trajectories 
Figure 3 shows a comparison of the observed (red) and filtered (green) trajectories in an ECEF 
coordinate system. The blue triangle in the middle of each trajectory represents the center point of the 
filtered positions or translation vector of the MSS, respectively. On the left side of Figure 3, the 
trajectory is illustrated which is derived by the GNSS measurements. The AEKF effect is clearly 
visible. The right side of Figure 3 shows the trajectory derived by the tacheometer measurements. In 
contrast to the GNSS trajectory, the tacheometer trajectory is smooth. This difference is caused by the 
different data acquisition rates and different 3D position accuracies. 
The noisy GNSS trajectory is resulting from the single 3D position accuracy of about 1 cm and the 
short observation interval of about 15 minutes only. For the GNSS analysis the software Wa1 by 
Lambert Wanninger [Web3] was used. The satellite configuration consists of 13 GPS and Glonass 
satellites. In the following work the filter will be improved by an integration of a data aggregation step 
to smooth the 100 Hz positions data according to the TLS data rate of 12.5 Hz.  
The 3D positions of the smooth tacheometer trajectory have a 3D position accuracy of a few 
millimetres. To align the 2 Hz tacheometer measurements with the TLS data rate a wide range of 3D 
positions have to be interpolated. This is feasible if the motion model of the characteristic point on top 
of the TLS is well known. Furthermore, a higher-order interpolation method which takes into account 
the known motion model should be used in order to minimize the interpolation error. Nevertheless, in 
the current state of the MSS only a linear interpolation method is used to show the potential of the 
strategy. In future work an advanced interpolation method will be implemented; in addition, a higher 
data rate for the tacheometer measurements should be provided. 
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Figure 3: Comparison of the observed and filtered trajectories in an ECEF coordinate system; left: 
derived by GNSS; right: derived by tacheometer 

 
 

  
 

Figure 4: Comparison of MSS orientation; left: derived by GNSS; right: derived by tacheometer 
 
Figure 4 shows the different orientations derived by GNSS and tacheometer. The orientation angles 
are reduced to the X-axis of the TLS for direct combination with the vertical 2D profiles of the 3D 
point cloud. Apart from the noise of the orientation parameters, systematic effects can be seen. 
In case of the GNSS-derived orientations one can see the higher noise in comparison to the 
orientations derived with the tacheometer. This noise is linked to the estimated trajectories which are 
the input data for the orientation calculation. 
In case of the tacheometer orientations, it can be assumed that the systematic effect is due to the prism 
rotation about its vertical axis during the 3D scan. Because of the rotation symmetry of the 360°-prism, 
repetitions of variations as a function of a periodic reflector orientation can be expected. The used 
Leica GRZ4 is built up from two sets of three nested prisms; so it can be assumed that the frequency is 
an integer multiple of three [Favre et al., 2000]. As it is obvious that the observed frequency of the 
systematic effect is not an integer multiple of three, further investigation is required. 
The final azimuth for the MSS is calculated as the mean of the single orientations for the 
approximately 10100 2D profiles. This leads to a precision for the mean azimuth of a few milli-degree. 
The offset between the GNSS and tacheometer azimuth of about 0.3° was reproducible for both 
stations in repeated measurements. We assume that these two azimuths are located exactly alternate 
(180° to themselves). One can conclude that this assumption is incorrect and has to be proved by 
further investigations under laboratory conditions. 
 

3.2 Impact of the derived orientations on the object 
For the assessment of the available accuracy the positions of several artificial control points were 
compared which are derived from the different techniques and from different stations. The following 
figure shows two point clouds of the steed including the different control points (marked with standard 
TLS-targets).  
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Figure 5: 3D point clouds of the steed with artificial control points; left: station S3; right: station S2 
 
 

 
 
Figure 6: Centered ECEF coordinates of the control points of both stations determined by GNSS (green) 

and tacheometer (red) 
 
Figure 6 shows a plot of estimated target coordinates. Green marks indicate the GNSS geo-referencing 
and the red ones illustrate the tacheometry geo-referencing from station 2 and station 3 in an ECEF 
coordinate system. Station 2 is illustrated with a plus and station 3 with a cross for each sensor.  
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Table 1: Coordinate differences for the control points 

station point nr GNSS - tacheometry 
dx [m] dy [m] dz [m] ds [m] 

S2_r3 

328 -0,002 -0,034 -0,038 0,051 
348 -0,001 -0,041 -0,038 0,056 
318 -0,001 -0,042 -0,038 0,057 
330 -0,003 -0,033 0,042 0,053 

S3_r1 

330 -0,074 -0,078 -0,026 0,111 
300 -0,072 -0,079 -0,027 0,110 
326 -0,072 -0,089 -0,027 0,110 
329 -0,072 -0,090 -0,026 0,118 

 
Table 1 gives an overview of the numerical values of the coordinate differences and spatial distances 
of all seven TLS-targets (compare to Figure 3). The distance between the stations and the seven targets 
is about 16 m. The displayed data sets are measured on two stations.  
As one can see both sensors come nearly to the same result. The differences between the coordinates 
are less than one decimetre. Furthermore, it can be noticed that the spatial distance is almost the same 
for each station. This results from the uncertainty of the estimated azimuth per station, which is used 
for all targets. The large differences of the spatial distances on station 3 could be caused eventually by 
the transformation of the tacheometer measurements to the ECEF coordinate system.  
Nevertheless, the abovementioned results show the operability of the georeferencing strategy 
independent on the operating geodetic sensor. A comparison of global reference control points and the 
coordinates resulting from the direct geo-referencing shows significant larger differences. An 
increasing of almost 1.5 times can be determined. Further investigations would explain the 
disturbances within station 3 as well as the significant global differences. 

4 CONCLUSION AND FUTURE WORK 
This paper gives an overview about a direct geo-referencing strategy of terrestrial laser scans 
developed at the GIH. We have shown that this is an efficient way to determine the transformation 
parameters –position vector and azimuth– which are directly observed by tracking the TLS by means 
of geodetic sensors. The estimation of the position vector is straightforward while the calculation of 
the orientation is challenging. 
In a case study, the results of the tracking of the TLS by GNSS and a tacheometer are analysed. These 
first results for the completely performed geo-referencing procedure show the potential as well as the 
current limitations regarding the reachable accuracy of the azimuth. To show the precision of the 
strategy, a set of artificial control points is compared with each other which is geo-referenced by the 
two sensors. 
 
The topics of the ongoing research are the improvement of the filter regarding the evaluation of the 
GNSS positions. Therefore, a data aggregation step to smooth the 100 Hz positions data according to 
the TLS data rate of 12.5 Hz should be developed. Also the interpolation method for low frequent 
position data such as the tracked prism positions of 2 Hz should be enhanced. In addition, an 
optimization of the observation strategy with initialization measurements for the global azimuth is an 
important problem to tackle. Besides this an inclination plane should be obtained. 
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Abstract 
With an omnidirectional camera system, it is possible to take 360°views of the surrounding area at 
each camera position. These systems are used particularly in robotic applications, in autonomous 
navigation and supervision technology for ego-motion estimation. In addition to the visual capture of 
the environment itself, we can compute the parameters of orientation and position from image 
sequences, i.e. we get three parameters of position and three of orientation (yaw rate, pitch and roll 
angle) at each time of acquisition. The aim of the presented project is to investigate the quality of the 
spatial trajectory of a mobile survey vehicle from the recorded image sequences. In this paper, we 
explain the required photogrammetric background and show the advantages of omnidirectional camera 
systems for this task. We present the first results on our test set and discuss alternative applications for 
omnidirectional cameras. 
 
Keywords 
Omnidirectional camera systems, ego-motion estimation, spatial trajectories, relative orientation, 
transformations 
 

1 INTRODUCTION 
The use of multi-sensor systems increases the accuracy and the controllability of position estimation 
tasks. The multi-sensor systems are often an integration of GPS/INS-systems [GOODALL, C., 2009] 
or a combination of GPS with gyroscopes and odometers [EICHHORN, A., 2005]. They are often 
used in precision farming [KUHLMANN, H., SIEMES, M., 2007] or machine control [RETSCHER, 
G., 2002]. In these applications camera-systems are rarely used, although the parameters of position 
and orientation can be derived from image sequences and be used for the comparison of accuracy and 
controllability. Especially in robotic applications ccd-camera systems are used successfully 
[MOURAGNON, E. et al., 2006].  
There are some important advantages using camera systems which should be mentioned: In contrast to 
GPS, camera systems are more independent and more adaptable because they are as applicable in 
outdoor as in indoor environments. Issues concerning GPS shadowing or multipath effects are absent. 
Furthermore, complete signal blockages may happen in kinematic GPS-applications. A new 
initialisation has to be done, which may take up to five minutes for reasons of ambiguity fixing. 
During this time, no precise position can be determined. Another disadvantage of GPS which will not 
arise in the use of camera-systems. 
The major advantage of using camera-systems is to get a high level of information at each time of 
acquisition. A standard acquisition rate between 20Hz and 30Hz [DAVISON, A. J. et al., 2007] and a 
high image resolution may be given. In addition to the visual capture of the environment itself, we can 
compute the parameters of orientation and position from image sequences at each time of acquisition 
with only one sensor. We can interpret the driven trajectory visually. This gives a high level of control 
and measurement errors can be detected easier. 
As a disadvantage it should mentioned that the absolute scale factor of a estimated trajectory can not 
be defined directly. To obtain absolute position information due to a reference system, we need 
additional measurements, for example pass-point information. Furthermore, the recorded images need 
to offer a certain degree of texture which then allows a successful detection of corresponding points in 
successive images. The high level of information per time ration results in huge data files (~ GB). 
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Consequently a high computer performance is necessary for fast image processing. Table 1 
summarizes the above called advantages and disadvantages: 
 

Table 1: Advantages and Disadvantages of using camera systems: 
Advantages Disadvantages 

Suitable for indoor and outdoor environments No direct estimation of the absolute 
scale factor 

No shadowing or multipath effects Prominent structures are needed 
Get a high level of information at each acquisition time Huge data files 
Estimation of position and orientation with only one 
sensor High computer performance is needed  

High level of control on account of admission of the 
environment  

High frame rate  
 
Considering the mentioned advantages, in the present project the spatial trajectory of a mobile survey 
vehicle should be estimated using an omnidirectional camera system. This task is also called ego-
motion estimation. Furthermore, an assessment of the achievable accuracy should be taken. We discuss 
the required photogrammetric background in section 2 which is essential for ego-motion estimation. 
Using omnidirectional camera systems, it is possible to capture 360° views of the environment at each 
camera position. Therefore, especially the orientation can be estimated in a more stable way. In our 
presented project we use the omnidirectional camera system Ladybug3 [www.ptgrey.com]. This 
system consists of a conglomeration of six separate cameras which point in different directions to form 
the complete omnidirectional system. The general fields of application, configurations and 
characteristics of omnidirectional camera systems (and especially of the Ladybug3) are introduced in 
section 3. On account of the six separate cameras of the Ladybug3, some challenges arise. In contrast 
to [GLUCKMAN, J., NAYAR, K., 1998], we cannot use the generated omnidirectional image for ego-
motion estimation. The concept we developed to overcome this challenge is the key paragraph of the 
paper (section 4). Finally, we give the first results which are achieved with the new developed concept. 
 

2 ESTIMATION OF SPATIAL POSITIONS USING CAMERA 
SYSTEMS 

The set of images in chronological order captured by a camera in a definite period of time is called an 
image sequence. For now, we consider a monocular camera system which is mounted on a mobile 
platform. The reference point of the camera is the projection centre O. The goal is to determine the 
motion of the projection centres from the image sequences. We can estimate three parameters of 
position and three of orientation (yaw rate, pitch and roll angle) at each time of acquisition (Figure 2.1, 
Left). 
 

                 
Figure 2.1: Left: Ego-motion of a monocular camera; Right: Schematic relationship between the camera 

system and the image system  
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To determine the ego-motion of a camera, we define a camera model which is based on the 
mathematical model of [McGLONE, C., et al., 2004]. We construct the projection ray connecting the 
object point X, image point of x' and the projection centre O geometrically (Figure 2.1, right). We 
model the relationship between the object point X and the image point x'. For an easier notation, we 
represent all parameters in homogeneous coordinates: 
 

, with        (2.1) 
 
The calibration matrix K defines the coordinate transformation from a spatial camera system into a 2 
dimensional (ccd-) image system. This transformation is called the interior orientation. This means we 
estimate the relationship between the projection centre of the camera and the coordinate axes of the 
image plane (Figure 2.1, right). Concerning a camera with an affine sensor, the interior orientation is 
defined by five parameters (principle point (xh, yh), principle distance (c), skew factor (s), scale 
difference of the coordinate axes (m)). Concerning general cameras, non-linear geometric distortions 
have to be taken into account. Therefore, the relation between image system and camera system is 
established in two steps: First, non-linear geometric distortions are corrected and subsequently we 
achieve rectified images. Second, the calibration matrix K is nominated using the previously 
mentioned parameters: 
 

,        (2.2) 

 
For the estimation of the interior orientation comprising a modelling of the non-linear distortion, 
[ABRAHAM, S., HAU, T., 1997] developed an automatic method. The motion matrix Mt with its 
rotation matrix Rt and the translation vector Tt describe the spatial orientation and position of the 
projection centre O at the time t in relation to a reference system. However, we are only interested in 
the relative motion matrix  between two successive camera positions (defined by the projection 
centres) which is called the relative orientation (Figure 2.2).  

              
Figure 2.2: The transformation between the projection centres O‘ and O‘‘ (relative orientation) 

Due to the geometrical exposition in Figure 2.2 the relative motion  can be expressed as: 
 

          (2.3) 
  
[LÄBE T., FÖRSTNER W., 2006] introduce an automatic procedure to estimate the relative 
orientation from digital rectified image sequences. For each time of acquisition, a best estimate of the 
relative motion parameters is achieved. We obtain a relative trajectory in a local coordinate system 
which we define as a photogrammetric model. Therefore, an absolute relationship to a reference 
system is not given. An absolute orientation of the relative trajectory is only possible via a spatial 
similarity transformation achieved by pass-point information. In this project, we are interested in the 
relative orientation only and neglect this limitation at first. 
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The estimation of the relative trajectory with a monocular camera system can even be computed in 
real-time. Real-time algorithms are particularly used in robotic applications and by autonomous 
navigation ([DAVISON, A. J. et al., 2007] , [MOURAGNON, E. et al., 2006]). 

3 OMNIDIRECTIONAL CAMERA SYSTEMS 

3.1 Applications and Configurations of OCS 
In section 2 we described methods to estimate the ego-motion of a traditional camera system which 
has a small field of view (about 45°). By contrast, an omnidirectional camera system is used in our 
present project. Although, the purpose of ego-motion estimation remains. In this section,we present the 
main applications and configurations of omnidirectional camera systems. Furthermore, the used 
system Ladybug3 is introduced. 
Omnidirectional camera systems usually generate images of almost the complete sphere seen from one 
particular point of view. On account of a 360° view of the environment, these systems are widely used 
in robotic applications, in autonomous navigations and in supervision technology ([YAGI, Y., et al., 
2005], [YACHIDA, M., 1998], [GLUCKMAN, J., NAYAR, K., 1998]). The advantages in 
comparison to usual monocular camera systems are obvious: The generated panoramic image shows a 
larger field of view (up to 360°) than a usual image. A higher level of information can be used to 
estimate the ego-motion of the camera. Occlusions and glancing intersections can be handled easier 
than in the case of a limited field of view. In the following three well known configurations of 
omnidirectional camera systems and their characteristics are described. 
 

1. Extreme fish eye lenses. 
Extreme fish eye lenses are used to take images with a field of view up to 180°. The complete 
sphere cannot be shown in a single image. Besides the images show large aberrations. 
 

2. Catadioptric systems. 
By a catadioptric system, a reflective surface is mounted in lengthening of the object lens. The 
environment is projected via the reflective surface to the camera. The recording image is 
therefore the mirror image of the environment. [ZIVKOVIC Z., BOOIJ, O., 2005] for example 
give a detailed description of the configuration.  

 
3. Mosaic-based camera systems. 

Mosaic-based camera systems are made of a conglomeration of several monocular cameras 
which are put up in different recording directions to form one complete system. Due to the 
overlapping regions in the single images, an omnidirectional image can be generated. 

3.2 The Ladybug3 
The omnidirectional camera system Ladybug3 is a mosaic-based camera system which was developed 
by the company Point Grey Research. Five cameras are positioned in a horizontal ring and one camera 
on the top which points vertically in the sky (Figure 3.1). The single unrectified image sequences from 
each camera, as well as the stitched omnidirectional image sequence may be captured. Table 3.2 
summarizes the main characteristics of the camera which are taken from [POINT GREY RESEARCH, 
2008].  
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Figure 3.1: The Ladybug3 and the orientation of the cameras [POINT GREY RESEARCH, 2008] 
 

Table 3.2: Main characteristics of the camera: 

Imaging Sensor Type Six Sony progressive scan colour CCDs 
(five in a horizontal ring, one on top) 

Maximum Resolution 1616(H) x1232(V) (each sensor) 
Field of view >80% of full sphere 

Maximum frame rate 16FPS JPEG compressed 
6.5 FPS uncompressed 

Dimensions 134mm x 141mm 
Mass 2,416kg 

 
The use of the Ladybug3 for ego-motion estimation comes along with some challenges: In the methods 
mentioned in section 2, we assume that a unique projection centre exists. But since the Ladybug3 
comprises six different projection centres, we cannot use these methods directly. The corresponding 
effect is shown in the generated omnidirectional image (Figure 3.3): In the overlapping areas, we 
recognise explicit ambiguities. Caused by the absence of a unique, common projection centre, in the 
overlapping areas aberrations occur during the stitching process. Therefore, for our applications the 
generated omnidirectional images are not usable. This is the reason why we decide to treat each 
camera individually. Consequently, we get image sequences of six monocular camera systems. The 
(relative) spatial ego-motion of the complete system should be estimated from those six image 
sequences. The newly developed concept is described in the following section. 
 

 
Figure 3.3: Each singe unrectified image, the stitched omnidirectional image and aberrations 
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4 DEVELOPED CONCEPT 
For the solution of the described challenge we have decided on a two-step solution. First, a high 
precision calibration of each camera is done using the method from [ABRAHAM, S., HAU T., 1997]. 
With this the interior orientation is available and we can process rectified image sequences. We 
estimate the six photogrammetric models for each camera using the procedure of [LÄBE T., 
FÖRSTNER W., 2006] introduced in section 2. We use the Matlab based implementation of [LÄBE 
T., FÖRSTNER W., 2006] called Aurelo. For each time of acquisition t (0,...T) and for each camera c 
(c=1,..6) the motion matrix  comprising the cameras orientation  and position  (Figure 
4.1, left) is obtained. The local coordinate system (of the photogrammetric model) is defined by the 
projective centre that belongs to the first image of the sequence. As a further result, we obtain the 
accuracies of the estimated motion parameters represented by the covariance matrices . 
 

 ,                 (4.1) 

 
As in the equation 2.3 we compute the relative motion matrices expressed as follows: 
 
        (4.2) 
         
We receive six different trajectories which differ pairwise by a spatial similarity transformation 
(Figure 4.1). 

 
Figure 4.1: Schematic process of the developed concept: relative orientations of the cameras (left), relative 

trajectories (middle), transformed trajectories (right) 
 

 
Figure 4.2: Geometric relationship between the observations and the unknown parameters 
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The intention of the second step is to transform the estimated spatial trajectories in a common 
reference system Z and to estimate an optimum spatial trajectory in relation to a certain reference point 
from this. We define the reference system Z in the centre of the camera system (Figure 3.1, right). 
Figure 4.2 shows the geometric relationship between the observations  and the unknown 
parameters of the spatial similarity transformations  (with rotation , translation  and scale 
factor ) in the reference system Z as well as the unknown single reference trajectory . The 
relationship between the desired reference trajectory and each of the six observed camera trajectories 
is given by: 
 

        (4.3) 
 

In more detail, using equation 4.3 we get: 
 

    (4.4)  

 
From equation 4.4 we get the non-linear relation of the observed parameters of rotation  and 
translation  to the unknown parameters as: 
 

         (4.5) 
 

       (4.6) 

 
With a linearisation of the equations 4.5 and 4.6, we can set up a Gauss-Markov model. We assume 
the relative position of the six cameras to be rigid over time and thus the transformations  are 
kept constant for every time. We get a first approximation for the six transformations  from the 
calibration file delivered by the manufacturer. With the use of this information and the relationship 
4.3, we also obtain approximate values for the unknown trajectory of the reference system. The 
stochastic model is designed to be based on the covariance matrices of equation 4.1 using error 
propagation. We now solve for the unknown parameters using the well known mathematics concepts 
of adjustment calculus [NIEMEIER, W., 2002].  
With the present concept, some advantages arise in contrast to monocular systems. At each time of 
acquisition, we estimate from the combined information of the six camera systems an optimum 
(relative) position and orientation. This offers a high level of controllability and stability. Also in case 
of failure of a camera, the remaining systems may still deliver enough information for a stable position 
and orientation estimation.   

5 TEST SET AND FIRST RESULTS 
We evaluate the developed concept concerning reliability and accuracy in an experimental set up. 
Since we just offer first results, we concentrate on the accuracy of the parameters of orientation. The 
experimental set-up is as follows: The camera is mounted on a mobile survey vehicle. The image 
sequences are captured while the vehicle moves along a slightly curved path.  
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Figure 5.1: The relative trajectories of the cameras (left), transformed trajectories (right) 

 
Figure 5.1 (left) shows the relative trajectories of the six single cameras determined using the software 
Aurelo. Each single trajectory is modelled in the local camera system relative to the first image of the 
sequence. Since these trajectories model the relative motion without reference to an absolute world 
frame, we abstain from scaling the axes in the plots. If we now transfer the trajectories to the reference 
system Z using the approximated transformations, we obtain the six approximations of the unknown 
reference trajectory shown in Figure 5.1 (right).  
To make a first statement regarding the accuracy of the orientation parameters of the approximated 
reference trajectories, we refer to the standard deviation of the yaw rate (Figure 5.2). The single 
cameras deliver different accuracies. Since due to the alignment of the cameras, different admission 
conditions are given. Because of static image regions in the image sequences (for example, from the 
mobile survey vehicle) or monotonous regions, as for example blue sky, the estimation of the relative 
orientation can be affected (cameras 1 and 4). Cameras 2 and 5 deliver very good results. Maximum 
standard deviations of 0.04 gon and 0.07 gon are given. From experience these results can be reached 
with the software Aurelo under good conditions.  
The accuracy of the orientations becomes more inaccurate during the time of acquisition. This can be 
explained by the fact that the datum is only defined in the first admission time. Like a unilaterally 
connected polygon, the inaccuracy grows with advancing distance. This problem is to be mastered 
only with pass-point information.  
            

 
Figure 5.2: The standard deviation of the yaw-rates of the cameras 

 
At this early stage of the project, a best estimate of the reference trajectory and the spatial similarity 
transformations is not achieved yet. But due to the approximated values, we can compute the average 
reference trajectory (Figure 5.3).  
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Figure 5.3: The average reference trajectory 

 

6 CONCLUSION  
In this paper, we discuss how to estimate the ego motion of a mobile platform using camera systems. 
We concentrated on omnidirectional camera systems consisting of a conglomeration of single cameras. 
We depicted the challenges which arose due to the multiple projection centres. As the key contribution 
we presented an approach to deal with these challenges and to estimate the trajectory of the camera 
system as well as the spatial relation between the single cameras of the conglomeration. We showed 
the first results of our approach using the Ladybug3 of Point Grey and demonstrated the applicability 
especially for the estimation of orientation. 
In the future, our concept should be tested with larger image sequences. We will consider how to 
optimize our two-step solution to a one-step solution. Furthermore, we will propose the use of the 
Ladybug3 in combination with GPS for real-time applications. 
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Abstract 
Today’s machine management systems in off-highway machines are designed to optimize with respect 
to a target function without integrating the entire machine or considering environmental interactions. 
For that reason the interdisciplinary project OCOM – “Organic Computing in Off-highway Machines” 
started in February 2009 to design an architecture for an off-highway machine in order to close that 
gap. Optimization of fuel consumption is exemplarily chosen even though many other goals are 
reachable. This paper will introduce the generic architecture; first results will be presented. 
 
Keywords 
Machine Management, Organic Computing, Self-learning, Generic Optimization Architecture, Fuel 
Consumption 
 

1 INTRODUCTION 
The management of an off-highway machine can be described as follows. An operator has control over 
the hierarchically highest functions, for instance velocity. Since an off-highway machine has many 
degrees of freedom, an automated machine management is necessary to relieve the human operator 
and to control low-level functions. These are for instance the rotational speed of the shaft and the gear 
ratio of the transmission. The automated management optimizes these low-level parameters with 
respect to the operator’s request (e.g. for a change in velocity).  
Current management systems are designed to optimize for certain defaults, treating the driver’s request 
as a fixed input into the management system and disregarding other environmental influences like 
current working cycle. Furthermore, due to a lack of an overall machine observation these 
management systems are not able to regard the machine as a complex and cross-linked entity and 
therefore are not able to optimize the system holistically with respect to its multi-parametric 
dependencies. To underline these statements Subsection 2.1 will give some examples. 
As a result, current management systems aren’t able to fulfil holistic optimization. Holistic 
optimization will be understood as follows: 

• Holistic optimization is supposed to consider environmental influences like  attributes set by 
the operator or the current working cycle. Considering that the settings of the operator, who 
actually determines the hierarchically highest objectives, are in many cases sub-optimal, an 
automated optimization with respect to the input of the driver is necessary. Furthermore, off-
highway machines, for instance tractors, perform a tremendous number of different working 
cycles. For example, the optimal parameter settings for transportation are evidently not 
optimal for heavy duty plowing. Due to the fact that today, an automated machine 
management system cannot recognize these different situations, it has to find compromises 
according to defaults of an implemented target function while setting its working point. 

• Holistic optimization is supposed to regard the system as a whole. Since there are many cross-
linked systems, an optimization coping with this issue must aggregate all possible influences 
and know how they may interact with each other. Currently, this is not possible, as each 
subsystem considers its local parameters only because of the lack of an entire machine 
observation and controlling. 
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In this paper a new controlling approach with self-adaptive and learning capabilities will be presented 
that is able to recognize the environment and perform holistic optimization according to the definition 
above. Generic control architectures to handle these matters will be introduced in Subsection 2.2 
before the most appropriate architecture for performing holistic optimization for this scenario will be 
presented in Section 3. Due to the fact that there is a tremendous number of different influences to an 
off-highway machine, an a priori adaptation of parameters to optimized values is not possible. Hence, 
the architecture needs to be equipped with certain learning capabilities to find best settings in current 
situations. 
Since the architecture will be integrated into a test vehicle, an introduction into the communication 
network between architecture and off-highway machine will be given in Section 4. Current and future 
work is described in Section 5 and 6. Section 7 closes this paper with a conclusion.  
Even though the testing vehicle is a Fendt Vario 412 from AGCO GmbH, the intention is to 
systematically generalize the architecture to other off-highway machines. The currently considered 
goal is to optimize fuel consumption; however, additional goals are easily conceivable. 

2 RELATED WORK 

2.1 Today’s Management Systems 
A tractor is both a self-organized and cross-linked system as we will see hereafter. Today’s 
management systems however optimize only parts of this cross-linked system. Reduction of fuel 
consumption for example is basically achieved by keeping efficiency at a maximum with reduced shaft 
speed [1, 2, 3]. Here, AGCO’s “Tractor Management System” (TMS) controls engine and 
transmission while the driver sets desired tractor speed. Engine speed rises according to imprinted load 
[4]. Furthermore the system switches off four-wheel drive while driving above a certain velocity to 
eliminate circulating power in the drive train according to Reiter’s suggestion [5]. Tractor management 
in a Fendt Vario also deactivates the differential lock at a certain steering angle to avoid bad traction 
conditions between wheel and soil [6].Other systems also integrate pivoting angle and pressure of the 
hydraulic pump in order to control engine overloading [7].  
One first attempt to combine certain sub-systems of a tractor is reported by Jaufmann [8]. He links the 
management systems of the transmission, engine, chassis, and lifting device in order to reduce fuel 
consumption. According to Jaufmann a “distinct” reduction is achievable depending on the working 
cycle. Frerichs [9] combines tractor and accessory equipment based on tractor-plow aggregate. Control 
variables are traction force and slip. Actuating variables are working depth and width, location of plow 
according to tractor, gear ratio of the transmission and shaft speed. A “distinct” optimization of 
performance and fuel consumption is reachable, too. Kipp [10] implemented the mentioned 
management based on digital controlling systems and microcomputers and reached an optimization of 
15 % both in performance and fuel consumption. 
Schreiber [11] examines the potentials of an overall machine optimization that includes the 
environment and regards the system as a whole. According to him, an average of 5 to 25 % fuel 
consumption reduction compared with existing machine management systems and for certain working 
cycles up to 30 % are realistic. 
In the following, a closer look at alternative control architectures and the structure of the hierarchical 
higher management system will be given. This architecture will be adapted to an operable machine.  

2.2 Alternative Control Architectures 
Today’s management of an off-highway machine, as seen in Section 2.1, can be characterized more 
generally. The system performs certain working cycles. The associated tasks can only be managed 
adequately if all individual subsystems work and especially cooperate. In other words, the main task 
can only be fulfilled by a combination of subsystems that have to coordinate their actions. Today, 
subsystems are handled individually. To perform the tractor working cycle “disc-harrowing”, for 
instance, subsystems like combustion engine, transmission drive, power take-off (PTO) and many 
more are needed in a specific order, where each subsystem has to deliver the right performance at the 
right time. Such a system is called self-organized. To control such systems efficiently, architectures 
are required that are both robust and flexible at the same time.  



 109 

In literature, several approaches have been introduced. The Autonomic Computing Initiative by IBM 
describes the Monitor-Analyze-Plan-Execute (MAPE) cycle [12], where each autonomic element is 
equipped with an autonomic manager that monitors the state of the managed element, analyzes the 
received data, then plans an appropriate interaction with the element and executes it.  
Another approach that has been developed in the Sonderforschungsbereich 614 at the University of 
Paderborn is described in [13]. An Operator-Controller-Module monitors a technical system and 
chooses dynamically at runtime between several predefined controller schemes. These schemes have 
been optimized beforehand by an offline-learning module of the architecture. 
An approach that especially emphasizes a self-learning ability of the system, offline as well as online, 
in order to adjust it even to previously unknown situations is that of the Observer/Controller-
architecture (O/C) of the Organic Computing Initiative [14, 15, 16, 17].  
Here, the system under consideration (e.g. the tractor) is called a  System under Observation and 
Control (SuOC). This SuOC is capable of performing its intended function on its own, without 
interference, but not necessarily in an optimal way. The O/C-architecture is intended to optimize the 
performance and supervise the system as a whole consisting of independent but cooperating 
subsystems. At the same time it provides an interface for a system user (or a higher level entity) to 
provide specific optimization objectives (see Figure 1). 
To do this, an Observer records and analyzes at all times the status of the SuOC, and reports an 
aggregated description of the current status to a Controller. This Controller decides whether the system 
status requires an action, and if so, takes it to influence system performance. 
High-level optimization objectives can be given to the Controller. Depending on the observed 
situation, the controller can also influence settings in the Observer by switching between different 
models of observation. 
 
In this paper, we will describe how this Observer/Controller-Architecture can be used to reduce fuel 
consumption in an off-highway machine, specifically a tractor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Observer/Controller Architecture 
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3 ARCHITECTURE 

3.1 System under Observation and Control 
The system we want to observe and control is a Fendt Vario 412. A tractor basically provides three 
kinds of power: traction power determined by velocity and traction force, rotational power of the PTO, 
determined by rotational speed and torque as well as hydraulic power by flow rate and pressure. From 
a more systematically point of view, a tractor can be divided into four parts: the combustion engine as 
main power source, the drive train containing transmission and wheels, PTO and the hydraulic pump, 
which may be linked according to Figure 2. The engine controller basically adjusts shaft speed 
according to imprinted shaft torque (except for PTO power). Since required traction, rotational and 
hydraulic power at the tractor’s output are input into the model of Figure 2, torque as a result gets 
adjusted and aggregated at the shaft and thereby determines fuel consumption “be” of the engine. To 
sum up, a tractor is a deeply cross-linked entity; alterations in one part may lead to a completely new 
system state. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Tractor model 
 
The combustion engine will be regarded as a rotational speed source with adjustable speed. The 
transmission of the tractor is a ML90, an infinitely variable hydrostatic-mechanical transmission which 
provides maximum degrees of freedom. Sensor signals to the observer (“raw data”) are shown in 
Figure 3 as well as actuator signals from the controller (“action”). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: System under Observation and Control 
 

3.2 Observer 
The Observer part of the described O/C-architecture continually monitors the System under 
Observation and Control (SuOC). An internal schematic is shown in Figure 4. Sensor data is sampled 
by the monitor module, both concerning overall system status and individual data from specific 
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components of the machine. Which sensor data is to be read, and at which sampling frequency, is 
specified in the observation model set by the Controller part of the O/C-architecture. All sampled data 
is then stored in the log module, for possible later use. 
In the pre-processor module, the monitored data is cleared from noise and outliers by low-pass 
filtering, before it is evaluated in the data analyzer module.  
In data analysis, statistical values are derived from specified time windows over the incoming data 
stream, like arithmetic mean or minimum and maximum value. Also, linear regression and clustering 
of data points are performed, in order to identify inherent patterns. The aim is to identify the current 
working cycle of the machine, in order to enable the Controller to adjust all components of the 
machine appropriately.  
To further help the Controller in this task, the predictor module of the Observer also receives the 
system state from the data analyzer, and on the basis of this data and the experience it accumulates 
over time, the following system state is predicted. 
All the information gathered within the modules of the Observer is then collected by the aggregator 
module, and passed on to the Controller part of the O/C-architecture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Observer [16] 
 

3.3 Controller 
The Controller part of the O/C-architecture receives all relevant information about the system state 
from the Observer, and on this basis decides in which way to influence the machine. Figure 3 shows 
the different possibilities for the Controller to act. Internal schematics of the Controller are shown in 
Figure 5. 
For selection of a specific action, the Controller has a mapping module that assigns to a system state Ci 
an appropriate action Ai. Over time, the Controller will adjust this mapping, thus learning to apply the 
best action in every situation, even if the situation was previously unknown. This learning process 
takes place at two levels, online and offline, as is explained in the following. 
If the currently reported system state is already part of the mapping, the according action is taken and 
then stored in the action history. After some time steps t, the system state is again recorded in the 
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situation parameters history, and considered the outcome of action Ai in situation Ci. Depending on 
whether the outcome was positive or negative, the corresponding situation-action mapping is evaluated 
and assigned a fitness value. In this way, the system learns online which mappings are best suited. 
Eventually, mappings with a low fitness will be replaced. 
However, if the currently reported system state is not part of the mapping, no immediate action is 
taken by the Controller to influence the machine. Instead, a simulation model of the machine, that is 
part of the Controller, is initialized with the system state Ci. An adaption module generates new rules, 
tests them offline in simulation and evaluates the simulated outcome. The best new rule is then 
incorporated into the mapping. The same method of offline learning of new rules is also used when 
replacing mappings with a low fitness. 
The basis for the evaluation of situation-action mappings always consists in objectives that are 
provided externally. In this case, it is a reduction of fuel consumption, but the optimization process can 
be influenced in any direction by imposing an alternative goal. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Controller [16] 
 
 

4 COMMUNICATION 
Standard for modern tractors is communication via the CAN-Bus. Fendt Vario 412 communicates 
basically via 2 different buses, Transmission- and Comfort-Bus. The nodes of the Comfort-Bus 
connect devices for tractor-driver interaction like operating terminal and joystick. The Transmission-
Bus links actuators like hydraulic valves, combustion engine and the electromotor to control gear ratio 
of the transmission. Both buses are connected with a Tractor Electronic Controlling Unit (TECU). One 
of its main tasks is to perform safety and plausibility checks. An external interaction like signals from 
the adapted Observer/Controller architecture should pass through these checks before transferred to 
tractor actuators. For this reason the generic architecture is supposed to be connected with the 
Comfort-Bus as shown in Figure 6. In this way TECU retains low-level control. Safety critical 
proposals of the architecture are supposed to be recommended to the driver via display. 
To receive as well as to transmit external signals, an external ECU a so-called CAN-Gateway as an 
interface between tractor and prototyping hardware is necessary. Since CAN-information is encoded 
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with an identifier that represents the expertise of tractor development, the gateway must be designed in 
assistance with AGCO. At this point priorities of the signals to be transmitted will have to be 
determined to guarantee real-time capabilities for the most important information. 
The so called “AutoBox” from dSPACE is used as prototyping hardware that includes the 
Observer/Controller (O/C) architecture. The AutoBox will have the right to transmit as well as to 
receive signals and is able to request certain signals from the TECU. An additional node for a laptop 
will be set to visualize data transfer of the OCOM-Bus (see Fig. 6).  
Sensor signals that are not receivable via OCOM-Bus must be recorded manually and sent to the 
AutoBox in a parallel way. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Communication architecture 
 
 

5 CURRENT WORK: SIMULATION MODEL 
After an intense analysis of the tractor, the modelling of the machine in MATLAB/Simulink started 
recently focusing on the power flow through the individual parts of the machine. Figure 2 in Section 
4.1 introduced that model approach. To describe stationary power characteristics, a modelling 
backwards from load to combustion engine is appropriate because of an easier computation of the 
power flow.  
Having a closer look into the drive train, demanded velocity and traction force is input into an empiric 
tire-soil model according to Schreiber [11] by using different propulsion-slip and friction-slip curves 
to compute torque and rotational speed of each insert shaft according to the state of differential lock 
and four-wheel clutch. After adequate aggregation torque and speed are transferred into the 
transmission. Efficiency curves especially from the hydrostatic devices in the transmission provided 
from AGCO are used to build a transmission model to calculate engine speed and torque for each input 
speed, torque and gear ratio. According to the power demands of the PTO and hydraulic pump, gear 
ratio is set by a controller.  
The stationary engine’s fuel consumption map of Fendt Vario 412 provides overall consumption and 
thereby overall efficiency for each stationary spot can be computed. 

6 FUTURE WORK 
Future tasks will concentrate on the verification and validation of the simulation model described in 
Section 5. To learn how the generic architecture works and what sensor signals are necessary to 
control the tractor properly, an AMESim-Model used as “Software In the Loop” (SIL) - model will be 
developed. Results of that step will serve to develop the CAN-Gateway in assistance with AGCO. 
Furthermore sensor signals not to be available via CAN-Gateway must be provided by means of own 
instrumentation.  
Moreover, the Observer and Controller parts of the architecture are adjusted to an off-highway 
machine. Especially working cycle recognition and system state prediction in the Observer are 
developed. In the Controller, the system model will be integrated, and appropriate safety mechanisms 
for the generation of new situation-action mappings established. 
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7 CONCLUSION 
In this paper we outlined an architecture for a self-learning machine management system of an off-
highway machine that is based on the generic O/C architecture. The management will be adapted to an 
existing machine and will be able to perform holistic optimization as described in Section 1. Since 
additionally equipped with self-learning capabilities, it will be able to evolve permanently. Evidently 
interesting is the fact that the architecture is supposed to come across all strategies mentioned in 
Section 2.1 automatically as well as finding new ones resulting of the consideration of the system as a 
whole in combination with the knowledge of the current working process and driver abilities. 
After introducing the architecture, the objectives were outlined by listing problems with state of the art 
optimizations. Especially the different driving performances and the cross-linkage of the tractor 
system legitimate the introduction of this new architecture. Then a closer look at the different parts of 
the generic architecture were given, the tractor as System under Observation and Control which 
provides overall system information, the Observer which receives and analyzes them and the 
Controller who generates actions according to the observed situation. Due to the early phase of this 
project, the presentation of results of using this architecture will be the topic of future publications   
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Abstract 
Agricultural processes have to comply with ecological, economical and political demands. Especially 
the tracing of food is important for consumer protection. At the same time reducing costs is necessary 
for farmers to be competitive. Machine up time is a critical factor, especially in processes that are 
reliant on short, whether-depending harvesting slots. Based on a mobile electronic system, the project 
consortium of the LaSeKo-Project is developing an autonomous agricultural communication system 
for the traceability of crops and harvesting batches that simultaneously enables for online machine 
diagnostics and a remote maintenance concept. 
 
Keywords 
ad-hoc radio network, harvesting process, documentation, machine diagnostics, remote maintenance, 
Contact & Channel Model, strain Index 
 
 

1 INTRODUCTION TO THE LASEKO-PROJECT 
The translated meaning of the German acronym “LaSeKo” stands for “Agricultural Ad-hoc 
Communication System for the Surveillance, Optimization and Documentation of harvesting 
processes”. The project is the succession of the ESOB project. The basic idea of that previous project 
was to develop and evaluate a system to control position and condition of mobile working machines, 
containers and accessory equipment in the construction industry [1]. Due to a regulation of the 
European Union, the product liability law for food, the development of a documentation system for the 
entire harvesting process is obligatory. Based on the mobile electronic system developed in the ESOB 
project, the LaSeKo consortium is developing a technical approach to connect independent network 
devices and machines for the collection of process data, control and diagnostic purposes. The main 
item of the system is a private area network (PAN) module controlled by a microcontroller. On the 
basis of IEEE 802.15.4 wireless standard, the system is able to autonomously establish a network. The 
communication units (LaSeKo-Boxes) act independently. They comprise different interfaces e.g. two 
CAN interfaces, a GPS receiver and, if required, an additionally fitted GPRS port for data transfer via 
Internet. All combines and tractors of a harvesting fleet will be equipped with a communication unit 
(LaSeKo-Box). In addition to the technical details of the LaSeKo-Box, this paper focuses on possible 
applications in the field of machine diagnostics. 
The wireless data transfer can be used for a universal agricultural documentation system. Site specific 
harvest data as well as further crop data can be transmitted from the LaSeKo-Box of the combine 
harvester to the LaSeKo-Box of the transport vehicle simultaneously to transferring the crop. Thus, the 
transport vehicle transfers all information about the crop, e.g. its geographical growth position, the 
harvest quality, the harvesting time etc. This data can afterwards be transferred to the following crop 
processing stages, setting up a complete information chain, ending with the consumer as final 
destination. However, drawbacks might be the size of the considered crop batches and the potential 
mixing of different packages in the crop elevator, impeding clear retracement. 
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By collecting data it is possible to visualize and simulate the harvesting process in the farm office. As 
a result, human and machine resources may be used more efficiently. Furthermore it is possible to save 
the data in field record systems and to implement the autonomous documentation for cross 
compliance. Additionally data can be transferred between other software programs according to the 
agro-XML standard [2]. 
The LaSeKo project is funded by the German Federal Ministry of Food, Agriculture and Consumer 
Protection. Project partners are the Karlsruhe Institute of Technology (KIT), TU Dresden and TU 
Berlin plus the companies LogicWay, SimPlan, Arkade and John Deere AMS Europe. Among these 
partners the project tasks are distributed as follows: The project coordination as well as the software 
development for the communication-unit (LaSeKo-box) is carried out by the researchers of TU Berlin. 
The hardware, i.e. the communication-box itself, is developed and produced by LogicWay. John Deere 
AMS Europe provides an interface to enable the communication between the proprietary combine 
BUS system and the LaSeKo-Box. At the KIT scientists are determining the possibilities to predict 
failure of components based on the gathered data. SimPlan and Arcade are developing the master 
control station and the required central and local databases. Furthermore, SimPlan is in charge of the 
development of the tools to visualize and simulate the harvesting process. Field testing on John Deere 
combines is carried out by TU Dresden in close cooperation with John Deere AMS Europe. 
 
2 LASEKO-BOX INTERFACES 
Figure 1 depicts the block diagram of the LaSeKo-Box with interfaces. The AP7000, a 32-Bit 
processor manufactured by Atmel, was chosen as microcontroller. The operating system is a Linux to 
control the running processes. By using additional software modules, it is easy to implement real-time 
applications. The AVR32Studio 2.1. serves as an integrated development environment (IDE) to write 
and cross-compile the applications. 
For the radio interfaces the Atmel AT81RF231 serves as an IEEE 802.15.4 standard compliant chip. 
With a theoretical data rate of 250 kbauds, it can handle data volumes up to 50 Mbyte per day. But 
since only machine data need to be transferred, the installed transmission capacity is sufficient. The 
chosen radio standard is free of provider charges and the costs of implementation are low. [3] 
The communication box receives the position data from the Sirf III GPS chipset. This data string does 
not only contain the position but also a time stamp which can be used for cluster synchronization. At 
the same time, the box receives information about the GPS signal’s intensity and the number of 
satellites within reach. These data are analyzed and marked for comparison. 
The communication-box uses the CAN interfaces to collect data of the connected machine, being able 
to recognize and forward the machine status. In most applications, the communication is done via SAE 
J1939 standard for Diesel aggregates or via the ISOBUS according to ISO 11783 for tractors and 
agricultural machinery. On the one hand the LaSeKo-Box collects crop data, e.g. quantity, quality, 
humidity. On the other hand it works as diagnostic device, analyzing important data such as 
maintenance intervals, speed, operating hours or error massages. With the help of these data, the farm 
office is always aware of the current machine condition. [4] 
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Figure 1: block diagram of the communication box with interfaces 

 
The collected data are buffered on an SD card. In addition, it is possible to identify a machine operator 
by the SD card. Furthermore all data packages have a time stamp, thus it is always possible to retrieve 
the latest data. The data are decoded and compared. In fixed intervals, the server sends the data of the 
entire cluster to the farm office. The common data format is XML. 
Via the GPRS/UMTS/EDGE module, it is possible to send data from the machine directly to the farm 
office. This is done by a provider and is subject to data transmission charges. As an estimated average 
transmitting time of 30 minutes for a data package via the crop transportation vehicles is presumed, 
only time critical data shall be transferred via GPRS/UMTS/EDGE. 
With the RFID interface it is possible to identify a machine driver to enable accurate accounting of 
working hours and machine handling times. With RS232/USB-interfaces additional sensors or 
memory may be controlled. 
To establish the communication between the radio network and the database a communication box is 
installed on the farm and connected via Ethernet. Additionally a WLAN interface has been developed 
to connect the LaSeKo Boxes on the machines to a notebook. This is a grand benefit in the 
development phase because the machine does not have to be stopped to broadcast data and to 
reconfigure the setup online. 
The LaSeKo system is autonomous, thus no man-machine interface is required. Nevertheless, to 
realize a flexible system, LCD, Sound and Keyboard interfaces are integrated. 
 
3 NETWORK AND SYSTEM CONFIGURATION 
The transmission power and thereby the radio range of the single radio modules are limited. Therefore 
data have to be carried by the crop transportation vehicles. The data transmission between the working 
machines and the central file server is displayed in figure 2. This figure points out the process of the 
data transport from a combine to the fileserver. Process data, i.e. position, humidity, etc. are handed 
over simultaneous to the transfer of the grain. Hence the vehicle or equipment to which the data has 
been transferred, in this case a tractor with two trailers, keeps the information about its load and carries 
it to the silo. The vehicle additionally records its route, error messages and fuel consumption during 
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the transport and assigns the information to the process data. The whole data is passed to the central 
fileserver and allows later backtracking of the harvest. 
To ensure rapid data transfer to the central file server and to prevent inefficient loops, a waterfall 
architecture has been developed. The process participants along the harvesting chain have decreasing 
priorities. Data flow is limited to downstream direction, acknowledgements vice versa. Data packages 
are stored at their source until the date server has acknowledged the delivery. Unacknowledged data 
packages are being resend at intervals of several hours. 
 

   
Figure 2: data handling along the harvesting chain 

 
Furthermore figure 2 shows the problems that might occur while choosing between two process 
participants of the same priority. There has to be a fail-save data communication. In case of a third 
vehicle coming within range of the radio network, the data could be passed to the wrong device, 
concluding in an inaccurate assignment of the particular crop batch to the trailer. This is prevented 
through the usage of directional radio antennas and continuous signal strength monitoring. 
 
4 MACHINE DIAGNOSTICS 
The LaSeKo-Box gathers process and machine data. The monitoring of these machine data, 
accompanied by selected sensor data, may be used to predict the failure of components. Through the 
data transmission via the communication-boxes, a remote maintenance becomes feasible. 

4.1 Methodology 
The scientific approach to machine diagnostics shall be accomplished by means of the Contact & 
Channel Model (C&CM), introduced by Matthiesen [5]. 
This method allows for the development of a general methodology, valid for various types of mobile 
machinery. It is based on a theoretical model, which links the abstract level of functions of a technical 
system to the concrete level of shape. Working Surface Pairs (WSP) and Channel and Support 
Structures (CSS) are the basic elements of this model and they define the interface between these two 
abstraction levels. Due to the abstract definition of these terms, the C&CM may be applied to solid 
structures as well as to fluids12

Channel and Support Structures connect exactly two Working Surface Pairs. They transmit the system 
parameters material, energy and information from one WSP, through the structure, to the next. 

and fields. [6] 
The Working Surface Pairs are the surfaces of a technical system through which system parameters, 
namely material, energy and information, are transmitted. Therein the contact may be permanent, 
periodic or stochastic, analogue to the accomplished function. 

                                                      
1fluid shall per definition represent liquid and gaseous media [8] 
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Furthermore they have the ability to store these system parameters. Apart from the obvious storage of 
hydraulic or electrical energy, also the information about e.g. damage and component stress is inherent 
in CSSs. This is where machine diagnostics cuts in. 
The C&CM enables engineers to reduce problems to basic principles and think about them in an 
abstract form that is well anchored in its figurative representations without losing reference to the 
geometrical representation of the system. Analysing the existing system in terms of C&CM draws the 
attention to functions and their realisation, which is difficult to distinguish in other models that do not 
combine functional and geometric descriptions. [7] 
Another advantage of the C&CM is its scalability. The resolution regarding a system does not have to 
be constant in each and every detail throughout the entire system but can be chosen variably depending 
on the focus of interest. The system may be reduced to the WSPs that are concerning the respective 
interaction. Due to the standard interface, the WSP, the level of detail can vary in a single illustration. 
If only the interaction with the environment is concerned, the entire system is represented by a Black 
Box CSS and the according WSPs. A deeper look is provided by the segmentation into subsystems 
(see fig. 3). Units like the engine, the drive train, the threshing organs, the straw shredder and the 
harvesting header are represented by corresponding Black Box CSSs that are linked with WSPs. 

 
Figure 3: combine in C&CM layout 

 
The engineer gains profound insight into a subassembly if divided into the WSPs between its parts. 
This is the most intuitive level of abstraction [7]. Even more details of functions can be described 
using a micro-resolution of the system. In this context the LaSeKo-Box may serve to record load 
spectra leading to an optimized product design. 

4.2 Strain Index 
The accumulation and interpretation of the gathered machine data allows for the definition of Strain 
Indices (SI) for the regarded assembly groups and as average value, the calculation of a Global Strain 
Index for the entire contemplated technical system, respective the combine harvester. 
Together with the monitored operating time or distance, a failure prognosis for individual components 
may be calculated of the Strain Index. 
In contrast to common condition based maintenance (CBM), requiring the continuous state-of-wear 
surveillance of every critical component, and to fixed-scheduled interval maintenance models, the 
introduced extended preventive maintenance (EPM) concept, based on strain indices, represents a cost-
efficient maintenance. On the on hand failure of heavy strained components is prevented. On the other 
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hand maintenance intervals of light strained components with reduced wear-out are prolonged. (see 
fig. 4) 
 

 
Figure 4: extended preventive maintenance concept 

 
The LaSeKo-Box collects data that, on the first sight, are not directly involved in the task of machine 
diagnostics but, through the interpretation of aggregated data sets, the immanent information helps to 
assemble a complete status of the machine condition. 
For example the monitoring of the pressure in the hydrostatic drive train, backed up by the recorded 
GPS track (through the underlying altitude indication) may be utilized to determine whether a 
harvester is employed mainly on flat areas rather than in hilly terrain, especially straining the drive 
train. Opposing the peak loads of the threshing organs that occur when harvesting wet or high density 
crops that are indicated by several sensors and setup values. Namely the grain moisture and throughput 
meter as well as the type of corn. Even the harvesting time throughout the day or year depicts valuable 
information in that context. 
Moreover the incidence of single events of maximum strain may be integrated into the Strain Index. 
The abrupt stoppage of the threshing organs indicates a blockage, highly staining their drives. 
Maximum torque on the hydrostatic drive train, fast rotating wheels but the combine only moving 
slowly back and forth (GPS) represent a driver trying to free his machine that got stuck in muddy 
grounds. 
These examples illustrate the possibilities offered by the LaSeKo-Box in terms of machine diagnostics. 
The performance of the unit allows for a complete monitoring of the harvester functions in the 
required CSS scale. Through the ad-hoc network, remote maintenance tasks may be requested on 
demand and autonomous. 

4.3 Validation 
To demonstrate the performance of the LaSeKo-Box in scope of the project, the hydrostatic drive train 
of a combine harvester is selected. This subassembly is extraordinary suitable to display the versatility 
of the Box whereas its power may merely be assumed. The main components are the hydrostatic 
pump, the hydrostatic motor and the hydraulic fluid. Various aspects of maintenance are highlighted 
(see fig. 5). 
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Figure 5: hydrostatic drive train 

 
Besides oil quality and system pressure, being determined by additional sensors, other parameters are 
calculated by data fusion of existing CAN-BUS massages. 
 
Oil Quality 
The oil quality will be detected by an oil multi sensor being installed in the oil circuit and connected to 
the LaSeKo-Box via CAN-BUS. The device consists of a particle counter, a water sensor, a 
thermometer and sensors to measure oil viscosity, dielectricity and conductivity to detect air, mixture 
and shear strain. This data set is processed, the oil status is compiled and, if required, maintenance 
arrangements are being appointed autonomously via the LaSeKo-network. 
The LaSeKo-Box is not only capable of determining the current oil status but as well of calculating a 
value for the average oil quality over time, allowing for assumptions about the status of components 
being operated with contaminated fluid. 
 
Pressure 
Occurring pressure peaks impair the components of the hydrostatic circuit and accumulate to a failure. 
The oil pressure is monitored by the LaSeKo-Box and the peaks are added up. If the resilience of e.g. a 
hydraulic pump is known, the probability of failure occurrence may be predicted. 
 
Sealing 
Radial shaft seal rings represent important components in scope of the reliability of a technical system. 
Due to critical stress in consequence of friction, wear and high temperatures as well as complex 
interaction between sealing, shaft and fluid, unfortunately a reliable mean failure rate prognosis of 
these tribological systems is not yet possible [9]. 
In the LaSeKo-Project, researchers propose to integrate the running distance of a sealing over its life 
cycle. Multiplied with an appropriate strain index (SI) the reliability may be calculated and the 
required maintenance can be carried out before a severe failure occurs. (see formula 1) 

Formula 1: sealing
0

MTBF  2 ≤⋅⋅⋅ ∫ dtnrSI
t

π  

Diagnostic Trouble Codes 
The LaSeKo-Box monitors the machine-BUS. Diagnostic Trouble Codes that are commonly displayed 
to the operator to inform him about appearing faults may additionally be transmitted via the LaSeKo-
network to the machine owner or directly to the authorized maintenance provider. Through that the 
service technician can perform a remote fault diagnosis leading to a reduced down time. 
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4.4 Perspective 
In addition to the optimized machine-maintenance, the output of the LaSeKo project provides a 
development tool for machine manufacturers. Furthermore it depicts a step towards the setup of a 
knowledge database about the workload of agricultural machinery, which is a profound objective of 
the researchers of the Institute for Mobile Machines at the KIT. 
 
5 CONCLUSIONS 
This system allows the controlling and documentation of the entire harvesting process, visualizing and 
preparing data for farmers and contractors. In context of machine diagnostics the system may be used 
to implement a remote maintenance concept. Leading to increased machine up time in the short 
harvesting season and decreased financial risks for machine manufacturers on availability guarantee 
contracts. 
The benefits of the LaSeKo communication system are its low costs of implementation and its 
subsistence free of transmittance charges for communication providers. 
For a reliable and secure data transmission between mobile working machines and a data server, new 
data handling mechanisms are being developed. These mechanisms have to consider the particular 
agricultural applications, constraints and conditions. 
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Abstract 
For machine control and guidance the automation of different workflows is a very important part on 
construction sites. The higher the degree of automation, the faster and more efficient is the 
construction in general. Especially for control and filter algorithms it is important to have exact 
mathematical and physical models of the construction machines and their controlled tools. These 
models are relevant for the implementation on the construction machine as well as for a software 
simulator. If the machine is software-simulated, models are even more important, since the machine 
behaviour has to be modelled completely. If the algorithms are implemented in the machine, the 
dynamic model will be replaced by reality. For this reason, the Institute for Applications of Geodesy to 
Engineering (IAGB) has developed a construction machine simulator to analyse filter algorithms, 
sensor integrations and calibration procedures in a hardware-in-the-loop simulator. In this paper, a 
procedure to calibrate steerings of construction machines by using the example of a construction 
machine simulator will be presented. This procedure is implemented in a software, which calibrates 
the steering angle automatically. The steering angle is the regulating variable for the transverse control 
of the simulator. The calibration procedure reduces the time consumption from approximately one day 
to half an hour and, by the way, enables to calibrate in time, at any time the simulator will be used. 
This is important, since the calibration parameters are time-varying. The whole procedure and the 
enhancement using the currently valid calibration parameters are presented in the paper. The driven 
closed-loop circles are improved from 2.5 mm to 1.8 mm RMS using the current calibration 
parameters for a controller with proportional (P), integral (I) and derivative (D) values (PID-controller, 
(BUSCH 2005).  
 
Keywords 
Construction machine guidance, calibration of steering, construction machine simulator, closed-loop 
circle 

1 INTRODUCTION 
Automation has made a big progress in measurement techniques and data processing in the field of 
engineering geodesy (DEUMLICH/STAIGER 2001). To profit from these enhancements on 
construction sites an attempt is made to integrate the techniques mentioned before in construction 
processes. The processes, or in any case parts of them, are organised as closed-loop circles using 
control algorithms. A distinction is made between the outer and the inner control circle (SCHWIEGER 
et al. 2010). The outer control circle is to manage the construction process. The inner control circle 
guides for example a construction machine. In this paper, the focus will be on the inner control circle. 
Here, the control aim is to guide a vehicle on a given trajectory with high control quality. This control 
quality does not only depend on the parameters of the controller if - like in our case - pre-control is 
used. The parameters of the steering and the calibration function also play an important role for the 
quality of the controlling. One disadvantage of these parameters is that they are time-varying. That 
means these parameters have to be calibrated in periodic intervals especially before test drives. In this 
paper a procedure for an automated geodetic calibration process for the steering of vehicles will be 
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shown. It enhances the control quality and makes the whole process more time-efficient. The 
following chapters give an insight in the mathematical basics of this procedure as well as into the 
different working steps. 

2 THE CONSTRUCTION MACHINE SIMULATOR 
To reduce the adaptation work for controllers on construction machines, a modular system for guiding 
and control of construction machines (Position and Guidance Toolbox – PoGuide (GLÄSER 2007)) 
has been developed at IAGB. The core of PoGuide is a simulator for hardware-in-the loop simulations, 
which consists of a remote control, a model truck (scale 1:14), a robot tachymeter (Leica©  
TCRP1201, distance to vehicle ranges between 5 – 9 m) and an interface between a PC and the remote 
control (shown in Figure 1). 
 

 
 

Figure 1: Construction Machine Simulator at the IAGB (BEETZ/SCHWIEGER 2008) 
 

The complete software toolbox is developed with LabView©. The given trajectory is stored as a 
discrete point series in a MySQL-Database and has a length of 11 m. The circuit consists of two 
straight lines, four clothoids and two circles. Further details about the simulator and the guidance 
system are described in GLÄSER (2007). The distance between the stored points is 0.15 m.    
In SCHWIEGER/BEETZ (2007) it was shown that the positions measured by the tachymeter were 
systematically falsified. Due to this problem, a Kalman Filter was implemented for real time filtering 
of the measured data. The most important information are the drive dynamics of the vehicle. The 
future curvature of the given trajectory is used to determine the steering angle. With this information, 
it is possible to predict the following position. The base for the calculation of the steering angle is the 
kinematic single track model (cf. Figure ). Detailed information regarding the used Kalman filter can 
be found in SCHWIEGER/BEETZ (2007) or AUSSEMS (1999). Here, the integration of the Kalman 
filter in the closed-loop system will be presented (Figure 2). 

 
Figure 2: Closed-loop system for construction machine simulator (BEETZ/SCHWIEGER 2008) 

The closed-loop system uses the lateral deviation as control deviation e(t). The steering angle as 
regulating variable u(t) is computed by using the information from the given trajectory and the output 
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of the controller. The pre-control computes the steering angle that the vehicle should have if the lateral 
deviation would be zero. So the controller has to adjust only for small corrections. 

3 AUTOMATIC CALIBRATION OF VEHICLES  
The calibration parameters of the model are one factor for a high control quality. If a pre-control 
should be used, especially for influencing the vehicle during control in curves, it is important to have 
the correct steering parameters. Another possibility to reduce this influence is to have a good controller 
that treats erroneous calibration parameters as control deviations. Anyhow, it’s better to have a 
function, for high-quality calibration in order to design a controller that eliminates real control 
deviations. Usually the construction machine engineers calibrate the steering of a construction 
machine by sending different steering settings to the machine and then measuring the respective 
steering angle directly at the steering linkage. With the information of the steering settings and the 
resulting steering angles, it is possible to compute a calibration function. The disadvantage of that 
method is that no description is made of the dynamic effects. These effects have to be described in 
mathematical models, however, they are often falsified or not very conform with reality. In this 
chapter a way to calibrate steerings of vehicles in a geodetic way will be shown. By doing so, the 
dynamics of the vehicle will be described implicitly in the calibration function.    

3.1 Workflow 
First of all, it is essential to know that regarding automatic steerings, the steering works with an 
electrical or digital input signal. Due to this fact, it is important to know which electrical signal 
corresponds to which steering angle at the vehicle. In the simulator system the car is steered with a 
remote control. The remote control contains pontentiometers which give voltage values to a 
transmitter. At the moment the system works with two pontentiometers only, one for the steering, and 
one for the velocity. Both are connected to the PC by a digital/analog converter. During the steering it 
is important to know which voltage value the potentiometer needs to get a dedicated circle radius. The 
calibration of the steering will be realised by sending different voltages to the potentiometer. During 
the drive, the voltage is constant and the positions will be measured with a robot tachymeter. Therefore 
a prism has to be fixed in the center of gravity. A GPS-sensor in the center of gravity works as well if 
it will be measure with geodetic accuracy. Then the outliers of the measured positions have to be 
eliminated. Afterwards the parameters of the arc are estimated with a least-squares-adjustment using 
the Gauss-Helmert model. At the end, it is possible to allocate each voltage value to the respective 
steering angle and consequently to a radius. In the last step the radius is converted into a steering 
angle, so that a linear relationship is given. All these steps result in a linear calibration function in 
order to compute a voltage out of a given steering angle. The mathematic basics for this will be shown 
in section 3.2. Parts of the procedure was developed in BEETZ (2003) and published in GLÄSER 
(2007). Figure 3 shows the workflow for the computation of the calibration function in a simplified 
way.  

 
Figure 3: Workflow of computing the calibration function 

 
If the calibration is non-automated, a lot of time is needed until getting a result. Since the parameters 
are time-varying, new investigations with new test drives require at least one day for the calibration. In 
SU (2009) all these steps are combined and automated in a software. Now it is possible to calibrate the 
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steering of a vehicle in 15 up to 30 minutes. The next subchapters explain the mathematic basics 
behind this procedure process.     

3.2 Mathematic Basics 
In this chapter the mathematic basics for the different steps are explained. First the vehicle-model, 
afterwards the algorithms to compute the start parameters for the estimation of the circle parameters, 
then the estimation of the circle parameters itself and finally the calibration function are described.   

3.2.1 The Single Track Model 
The mathematic model used for the description of the system, is the kinematic single track model for a 
constant circle drive without consideration of slippage. In tests with arc drives the model truck started 
to slip at a velocity of 40 cm/s. The test drives with the controllers are realised at 8-10 cm/s  
(~ 5m/min), so the use of the kinematic single track model without consideration of slippage is 
justified for the vehicle of the IAGB simulator. 
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lh... distance between back axis  - center of 
 gravity C.G.  
r... radius 
β0... Ackermann angle 
V... velocity 
 
  

Figure 4: Mathematic relationships of kinematic single track model  
(based on MITSCHKE/WALLENTOWITZ 2004) 

 
Figure 4 shows the geometric relationships of the kinematic single track model and the mathematic 
equation to compute the steering angle δA (equation (3-1)). l represents the distance between front 
wheel and back wheel. The distance between back wheel and the center of gravity (C.G.) is 
represented with lh. The distance l is known from the construction plans of the model truck or can be 
measured with optical or mechanical methods with very high accuracy. The accuracy of this value is in 
the range of sub-mm. The distance lh results in the same accuracy level. Due to this both values l and lh 
will be assumed as error free. For the sake of completeness the “Ackermann” angle β0 is also shown in 
Figure 4. The “Ackermann” angle is the side slip angle in the center of gravity if no slippage effects 
the vehicle.  

3.2.2 Adjustment  
For any adjustment, especially in non-linear cases, it is necessary to compute accurate approximate 
values. In the case of the problem to be solved here, the approximate values have to be computed for 
the center point of the circle and the radius. A good method to get the approximate values is shown in 
HÄßLER/WACHSMUTH 1994 (p. 443-445). To compute the values, three points of the measured arc 
positions are chosen. One at the beginning of the trajectory, one in the middle and one at its end. It is 
important that no outliers are in the data anymore (the outlier detection will be presented in 3.3). It is 
also important to know the direction in which the vehicle will drive, since the algorithm has to know, 
if it is a right hand bend or a left hand bend. The algorithm for start parameters only works if the three 
input points are given counter clock wise. 
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After the computation of the approximate parameters, the adjustment with the Gauss-Helmert model is 
carried through. This model is widely spread in geodesy and described in NIEMEIER (2002). 
Therefore only the linearized functional model, e.g. the model matrices A and B and the vector of 
discrepancies will be shown (cf. (3-3)-(3-5)). 
 

Non-linear functional model: 

 ( ) ( )222
mimi yyxxr −+−=  (3-2) 

r...  radius 
yi, xi... measured point 
ym, xm... center of circle 
 
Linearized functional model:  
 0ˆ =+⋅+⋅ wxAvB  
 
Model matrices: 
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Vector of discrepancies:   
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3.2.3 Computation of the calibration function 
The values of the voltages with respect to the estimated radii are needed to compute the calibration 
function. As mentioned before the radii are converted into steering angles using equation (3-1) to get a 
linear relationship between voltage V and steering angle δA. The last step is a regression to estimate 
slope m and offset K0. The slope is positive during right hand bend circles and negative during left 
hand bend circles. This relationship is represented in the equation below, 
     
 0KmV A +⋅±= δ .  (3-6) 

3.3 Outlier Detection 
One problem regarding the computation of the approximate start parameters and as well the 
adjustment, are falsified measurement data. Several algorithms to detect outliers are known e.g. the 
RANSAC algorithm (FISCHLER/BOLLES 1980). The problem that occurs is that a fast algorithm is 
not robust and a robust algorithm often needs a lot of computation time for the iterations. In the 
following chapter a possibility without adjustment theory will be shown to identify outliers and outlier 
groups, working fast and robust. It was developed in SU (2009). The basic idea of this procedure is to 
build point groups and identify which group consists of outliers and which not. The procedure should 
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also be used in the simulator system in real-time but for this the procedure must be enhanced in further 
work. The five required steps are explained in the following. 
Conditions:  - constant velocity of the measured object, 
 - constant sampling rate of the tachymeter, 
 - only huge outliers caused by reflections or measurement failures. 
Step 1:  In the first step each distance between two adjacent points is computed. Afterwards the 
 mean value dm of these distances is computed. 
Step 2: In the second step each computed distance will be compared to the fivefold of the mean 

distance dm. In empirical tests this value of five works very well, since the outliers during the 
test drives were very huge. From the statistical point of view it would be better to take the 
threefold of the standard deviation of the computed distances. But this value has to be proved 
in further test drives. For the moment the factor five will be used. If a distance is found which 
is longer than the fivefold of the median distance dm, all points before are integrated into one 
group. The remaining points will be grouped together too, until the algorithm finds again a 
distance which is larger than the fivefold of the median distance dm. All groups will be 
numbered and stored in a table. Figure 5 and Table 1 show this step. 

 

 
Figure 5: Generation of the Segments 

 
Table 1: Storage of the segments 

 
 
 
 
 
 
Step 3: It is assumed that the segment with the highest number of points is the most correct one. Due 

to this fact, the segment with the most points will be called normal-segment (Figure 5: 
segment 3). Then the mean distance dm is computed again with distances between the adjacent 
points of this normal segment. 

Step 4: The segment before and the one behind the normal segment will be classified as outlier 
 segments (here segments 2 and 4). The distance d1 will be computed between the first  
point (10) of the normal segment 3 and the last point (6) of the segment before the outlier 
segment 2. Respective the distance d2 will be computed between the last point (27) of the 
normal segment 3 and the first point (31) of the segment behind the outlier segment 4. 
Afterwards these distances will be compared with the control distance dc. The control distance 
is computed with the mean distance of step 3, multiplied with number of points n of the 
respective outlier segment, plus one ( )1( +⋅= ndd mc ). If the distance d between two 
segments is larger than the control distance dc (d>dc), it is classified as outlier segment, too. 
Otherwise it is classified as normal segment. 

Step 5: In the last step all outlier segments are deleted. 
Figure 6 shows the result of an outlier detection with simulated data. 

Segment first point last point amount 
1 1 6 6 
2 7 9 3 
3 10 27 18 
4 28 30 3 

 5  31  33 3 
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Figure 6: Simulated measurement data before (left) and after outlier removal (right) 

3.4 Theoretical pre-analysis 
Prior to the realization of the drives for calibration, it is essential to know the required lengths of the 
drives in order to achieve a feasible result of high quality. Therefore the authors carried out some 
simulations with Matlab©. A circle is simulated with a given radius and a given distance between the 
adjacent points that represent the discrete trajectory. The distance between the adjacent points is 1 cm 
and equates the distance of a moving object with a velocity of 10 cm/s and a sampling rate of 10 Hz. 
After that, the points are made noisy with a white noise function of different cm-values. Here a white 
noise function is used due to the unknown stochastic behaviour of the measured points. Correlations 
are disregarded in this stage of the investigations. Standard deviations for the measured points of  
0.5 cm (manufacture’s data for TCRP1201) and 2 cm for a robot tachymeter with lower accuracy are 
used. For the analysis the points are divided in different arc segments. These segments have angles 
between 25 gon and 400 gon to show the results for different arc lengths. The circle parameters will be 
computed with the equations (3-2) – (3-11) and the Gauss-Helmert model. Each radius is simulated 
five times. The values shown in Table 2 are the mean values of the five simulations. In some cases the 
range of the computed radii is shown, since the computation of mean values makes no sense here. For 
each arc segment in the table, the estimated radius, the standard deviation of the estimated radius, the 
standard deviation of unit weight s0 and the number of used points for the estimation are displayed.  
      

Table 2: Circle parameters of the simulated measurement data 
Standard deviation (Std) = 0.005 m       Standard deviation (Std) = 0.02 m 
Angle of   Radius Radius Radius Radius Radius Radius 
segment   0.50 [m] 1.00 [m] 2.00 [m] 0.50 [m] 1.00 [m] 2.00 [m] 
400 [gon] Estimated radius [m] 0.504 0.998 2.001 0.492 1.006 2.005 
  Std radius [m] 0.0003 0.0002 0.0001 0.001 0.001 0.001 
  s0 [m] 0.973 1.004 1.054 1.175 1.030 1.033 
  Number of points 315 629 1257 315 629 1257 
200 [gon] Estimated radius [m] 0.500 1.001 1.999 0.503 0.996 2.006 
  Std radius [m] 0.0009 0.0007 0.0004 0.003 0.003 0.002 
  s0 [m] 0.913 1.226 0.851 1.092 1.094 0.937 
  Number of points 158 315 629 158 315 629 
100 [gon] Estimated radius [m] 0.497 1.003 2.008 0.48222 1.001 1.990 
  Std radius [m] 0.0057 0.004 0.0028 0.0178 0.0146 0.0112 
  s0 [m] 1.025. 1.298 0.976 1.2301 1.2118 1.0265 
  Number of points 79 158 315 79 158 315 
50 [gon] Estimated radius [m] 0.40 - 0.56 0.89 - 0.99 1.90 - 2.09 0.18 - 1.29 0.57 - 1.36 1.71 - 2.34 
  Std radius [m] 0.029 0.02 0.0168 0.0196 0.035 0.056 
  s0 [m] 1.626 0.857 0.994 2.043 1.480 1.310 
  Number of points 40 79 158 40 79 158 
25 [gon] Estimated radius [m] 0.02 - 3.79 0.65 - 1.71 1.76 - 3.28  -3.85 - 0.29  -1.56 - 1.20 0.66 - 2.94 
  Std radius [m] 0.010 0.08 0.090 0.0068 0.0124 0.065 
  s0 [m] 34.1 1.254 1.224 1.6252 5.3556 1.934 
  Number of points 20 40 79 20 40 79 
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It is obvious that in the case of a segment smaller than 100 gon, the results of the radii are worse 
compared to the results of the bigger segments. This is independent of the given circle or the given 
standard deviation. This shows that for the calibration drives at least a quarter of a circle must be 
driven to get a feasible result for the radius. 
The next interesting point is the accuracy which can be reached for the steering angle. To get an idea 
of this accuracy the theoretical standard deviation of the steering angle is computed using the law of 
variance propagation. The functional model is the equation (3-1):   
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Figure 7 shows the resulting standard deviations of the steering angle in gon with respect to different 
radii and different standard deviations σr of the radii. For the computation the system parameters of the 
model truck have been used.                                                                         

   
Figure 7: Standard deviation of the steering angle with respect to 

different radii and standard deviations of the radii 
 
On the base of the preceding results it is possible to decide which radii have to be chosen to reach a 
given accuracy. The following Table 3 presents these values numerically. For example, if an accuracy 
for the radius of 0.005 m is required and for the steering an accuracy of 0.1 gon should be reached, the 
radii must be larger than 1.15 m. This information is very important, if you want to achieve a 
calibration of high quality. In the case of the simulator the accuracy of 0.1 gon is reached.    
 

Table 3: Reachable accuracy of the steering angle 
Std radius [m] Given accuracy [gon] Radius [m] 

0.005 0.10 > 1.15 
0.005 0.50 > 0.65 
0.02 0.10 > 1.85 
0.02 0.50 > 1.10 

3.5 Software 
For the automatic calibration procedure the following software was developed in LabVIEW©. The 
different working steps are described in the diagram below (Figure 8). 
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Figure 8: Workflow of automated steering calibration 

First circle drives with different voltages have to be driven. When using the software, the operator is 
able to vary the voltage for steering. He can drive a trajectory for each voltage value, which is stored 
in the workspace or alternatively in a data base. For each circle drive an outlier detection will be 
carried through. The outlier detection is realised in post-processing and thereafter the radius will be 
computed based on the measured trajectory coordinates and the steering angle with respect to the 
given vehicle parameters. The steering angles will be stored with the corresponding voltages. If more 
than two drives were done, the operator can stop the program and the calibration function will be 
computed. For a good result at minimum five test drives for each direction with different voltage 
values have to be realised. 

 
Figure 9: New calibration function  

 
Figure 9 shows the display of the last working step computation of the parameters of the calibration 
function in the software. The displayed figure is a very good example for linearity of the shown 
calibration function. The linearity confirms the linear model approach (blue line = measured data, red 
dashed line = regression for calibration function). 
Table 4 shows the new calibration parameters and the old ones. The slope has changed in a small 
range. The offset however has changed significantly and represents a displacement of the zero-point of 
the steering linkage. This changing is equivalent to an error of 0.07 V or 1.7 gon. 
 

Table 4: Old parameters vs. new parameters 
 Slope [V/rad] Offset [V] 
New calibration parameters ±2.6117 1.6850 
Old calibration parameters ±2.6610 1.7584 
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The test quantity will be computed according to 
ls
lt =  with loffset=0.07 V and lslope=0.05 V/rad and 

with the repeatability accuracies of soffset=0.006 V and sslope=0.02 V/rad (sample size = 10 
calibrations). The quantile of the Student distribution is tst=2.26 (degree of freedom = 9, α = 0.05). It’s 
obvious that both test quantities changed significantly since toffset= 11.7 > tst and tslope=2.5 > tst. 

4 TEST DRIVES  
To evaluate the computed steering parameters, test drives with the current steering parameters as well 
as with the old parameters are realised. Test drives have been done more often in the past. It was 
obvious that the steering parameters change with time. (cf. Table 5 gives an example, between round 3 
and 4 during the reference drive). To have the same initial situation for all test drives the following 
parameters need to be constant: 

• starting point (middle of the straight line), 
• velocity (8-10 cm/s), 
• unchanged position of the tachymeter (Leica TCRP1201), 
• identical parameters of the Kalman Filter, 
• 4 rounds for each controller without a stop, 
• the first round is deleted, because of errors of transient oscillation at the beginning of the 

drive, 
• identical controllers and controller values during all drives (the values for the PID-controller 

are P=25 (proportional part), Tn=0.15 (reset time for integrative part), Tv=0.001 (rate time for 
derivative part). 

 
For comparison of the different parts of the trajectory (straight lines, clothoids, circles) and rounds, the 
RMS of the lateral deviations were computed for each round and each part of the trajectory. The 
following table shows the results of the test drives.  
 

Table 5: Comparison of the test drives 
Round RMS_line 

[mm] 
RMS_clothoid  

[mm] 
RMS_circle  

[mm] 
RMS  
[mm] 

2 1.5 1.9 2.2 1.9 
3 1.5 2.0 2.0 1.8 
4 1.3 1.7 2.2 1.7 

Mean 1.4 1.9 2.2 1.8 
Reference drive: old steering parameters 

2 1.8 1.6 2.0 1.8 
3 2.6 2.0 3.1 2.8 
4 3.0 2.2 2.7 2.8 

Mean  2.5 1.9 2.6 2.5 
 
At first view, it is obvious that there is an enhancement in the controller quality, using the new steering 
parameters. The drives with the new calibration parameters increase the mean RMS from  
2.5 mm up to 1.8 mm. Especially for the straight line parts an enhancement is noticeable. This can be 
explained by correction of the offset which is mainly responsible for the straight-ahead driving. For the 
circle parts, an enhancement is noticeable too, but not in the same order. Maybe this is due to the fact 
that the changing of the slope was less significant than the changing of the offset. Regarding the 
clothoid parts, no enhancement can be seen. One reason for the different RMS of the clothoid and 
curve parts with respect to the straight lines may be the reduced accuracy of the tachymeter in circles 
and clothoids. The tachymeter needs a higher processing power, since horizontal movements have to 
be realised synchronous to the measurements. All things considered the results of the RMS are better 
than the given manufacturer’s accuracy of the tachymeter. This can be explained on the one hand by a 
too pessimistic accuracy specification of the manufacturer and on the other hand by the used filter 
algorithm.     
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Figure 10: Comparison of the lateral deviations  

 
Figure 10 shows the lateral deviations of the third round of the reference drive (red dashed line) and of 
the third round of the test drive using the new steering parameters (blue line). It can be clearly seen 
that the lateral deviations using the new steering parameters vary in a smaller range than the ones 
during the reference drives. Furthermore the increasing of the oscillations is reduced during the curve 
drives. Nevertheless a small remaining oscillation is obvious.  

5 CONCLUSIONS 
In this paper it could be shown that the automated calibration procedure works very well for the 
construction machine simulator. An enhancement of the control quality from 2.6 mm up to 1.8 mm in 
the RMS could be reached. In this case a displacement of the zero-point of the steering linkage was 
responsible for moderate results of the RMS during the old drives.  
The advantages of the presented procedure are on the one hand the time efficiency and on the other 
hand the possibility to prove the dynamic model of the vehicle. Summarized the shown calibration 
procedure enhances the control quality verifiable. Furthermore the vehicle dynamics can be measured 
implicitly using the measured positions of the moved vehicle. They are included in the calibration 
function. The question is, if it is also possible to use such a procedure for the calibration of a real 
construction machine to include the respective dynamics as well. One precondition is definitely the 
required space to drive the arcs larger than 50 gon.  
In this paper the calibration function is based on the vehicle model. If the dynamic behaviour can only 
be modelled in a complex way, it may be helpful to estimate a direct relationship between the voltage 
signal of the steering and the driven radius after the calibration. This may be realised using 
approximations like polynom regression or splines in further investigations.  
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Abstract 
In this paper, an experimental procedure for a low-cost, fast, robust and relatively accurate verification 
method of the geometrical characteristics of a constructed road is described. The system, designed and 
operated by the Laboratory of Geodesy and Geomatics, Department of Civil Engineering, Aristotle 
University of Thessaloniki, aims at the documentation of construction failures and uses a 
standard vehicle equipped with 2 L1 GPS receivers with a known relative geometry. The system was 
tested on a road segment thoroughly and accurately surveyed after its construction (as-built) with 
classical methods in order to verify the results. The paper focuses on the design of a reliable quality 
control procedure based on statistical methods used to analyze the data, the error recognition methods 
and the resulted model. Five 3D digital models from different velocities are constructed and compared 
to a unique reconstructed road alignment which was derived from the as-built measurements. The road 
geometry presentation and the differences to the reconstructed initial design have been calculated and 
analyzed. The main objective of the system is to trace and determine changes of the geometrical 
characteristics of a road, changes attributed to the everyday use of the infrastructure as well as to 
natural or man-made disasters.  
 
Keywords 
Mobile dual GPS, road geometry, massive data collection, fast geometric changes tracing, low cost 
system. 
 

1 INTRODUCTION 
The use of GPS techniques for building or updating the digital road map of a region is a methodology 
that has been used in many cases but mainly by combined systems like GPS/Camera/INS/TLS or 
others [2], [5]. Kinematic DGPS or Real Time Kinematic DGPS positioning can also provide results 
accurate enough in most applications [1]. Yet, the problem common to the operation-maintenance 
stage of the road or inspection after a major natural or man-made catastrophic event is the verification 
of its real geometrical characteristics in an accurate, swift and inexpensive way. This subject is very 
important for the safety of all vehicles using the road and for decision making after devastating 
phenomena. To verify the geometry of the road, classical surveying techniques can be used, a task 
rather difficult to utilize when dealing with some hundreds kilometers of road. Unfortunately, due to 
the high cost of data collection with the above mentioned method, the control of a new or operating 
road can never be complete. The problem becomes more urgent when many kilometers of constructed 
roads have to be quickly checked for geometrical accuracy or damages and, then, to be open for use. 
As a result, a number of systems based on the use of GPS receivers on moving vehicles have been 
introduced in the last years for road geometry verification in order to overcome these difficulties [3], 
[4], [6]. Another experimental system for recording geometrical characteristics along and across a road 
was developed at the Laboratory of Geodesy and Geomatics, Department of Civil Engineering, 
Aristotle University of Thessaloniki [7]. The system allows the comparison of the digital design data 
of a road to a geometrical model of the “as-built” road derived from GPS measurements. 
Theoretically, there must be little difference between the two sets of data in the horizontal, long-
section and cross section sense.  
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In its first stage, the above mentioned system consisted of five L1 and L1/L2 GPS receivers placed on 
a specially designed dual level system of rectangular frames that can be firmly attached on a vehicle. 
The efficiency of the system is being under investigation, in order to decide the number of the 
necessary GPS receivers and evaluate the design of the supporting frames. From the first results [7], it 
became obvious that the receivers of the lower level faced significant multipath problems. Therefore, 
in this particular paper, only the measurements of the two right and left GPS receivers of the upper 
level have been used. Both these receivers are L1 GPS receivers and the distance between them was 
equal to 6 m (fig. 1). 

 

 

 

 

 

Figure 1. The two level rectangular frames with the location of the antennas of the GPS receivers. In 
this experiment, only the “red” (shaded) receivers were used. 

 

2 DESCRIPTION OF THE EXPERIMENT 
In order to test the functionality of the system, classical geodetic measurements (using total station) 
were used in order to determine the as built data of a newly constructed road segment. The 
experimental “field” was a recently completed aprox. 0.5 km road at the outskirts of Thessaloniki 
being part of a service road of Egnatia Odos Highway (fig. 3). The road has a width of 7 m, divided 
into two lanes each measuring 3.5 m wide. Three series of points were measured during the as built 
procedure: one at the left edge line, one at the centerline and one at the right edge line of the road 
respectively. The points were taken every 5 m, a distance which corresponds to a vehicle speed of 
approximately 18 km/h. In this way, the slope along the road was determined and, consequently, the 
cross-falls across the road were also computed.  

 

 

Figure 2.  A picture of the measuring system on the vehicle. 
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Figure 3.  The experimental field - a segment of a service road of Egnatia Odos highway, nearby 
Thessaloniki. 

 

The measurements by the mobile experimental system were carried out after more than a year of as 
built measurements. The travel of the vehicle inside each lane gave GPS measurements of points close 
the centerline of the road from the upper left, at the right edge line (going) or the left edge line (return) 
from the upper right respectively.  

The GPS method used in this experiment was kinematic DGPS. Two base station receivers were 
operating at a distance from the road site. One of them was the Thessaloniki Continuous Reference 
GPS Station that started to operate at the facilities of the Laboratory of Geodesy in autumn 1999 (fig. 
4) [8]. The Reference Station is also capable of transmitting RTCM corrections through a UHF radio 
network for Real Time Kinematic GPS applications covering the area of greater Thessaloniki, a 
feature not used in this phase of the project. The other base station receiver was installed at a 
trigonometric point of the control network of the city of Thessaloniki. The receivers used in this 
experiment were L1 receivers of the same manufacturer and similar types. Raw data were collected in 
this case every 1 sec and stored for post processing. 

After an initialization period of about twenty minutes, the vehicle with the GPS receivers traveled 
along the first lane of the road from one end to the other, and then traveled back along the other lane. 
This procedure was repeated several times at different speeds, as following (fig. 2): 

• two passings at 20-25 km/h,  

• two passings at 30-35 km/h,  

• one passing  at 50-60 km/h.  

The road length of the experiment was 425 m, from kilometre 9281.86 to 9706.86. Cross-sections 
were cut in this road segment every 5 m, thus providing 85 cross-sections to study. 
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Figure 4. The antenna of the Continuous Geodetic Reference GPS Station of Laboratory of Geodesy & 
Geomatics. 

 

3 DATA PROCESSING AND RESULTS 
Upon completion of the field measurements, the computation of the co-ordinates of the points was 
done at the office by using the data of the two base station receivers and Kinematic DGPS software. 
All the measurements made at different speeds were treated in the same file.  

Following the processing of data, it was found out that the accuracy obtained for the computation of 
the GPS points was ± 3 cm for most part of the road surveyed, regardless of the vehicle speed, as 
shown in figure 5 for the upper left receiver.  

Figure 5. RMS errors of points positioning as obtained from data measured with the upper left 
receiver. 

 

By using the known geometry (cross distance 6 m and almost in the same level) of the system 
installation, first a logical filtering of the produced 3D coordinates of the dual GPS receiver system 
was performed. The point clouds which remained for every velocity and every passing were the data to 
be used for the production of 5 different Digital Terrain Models (DTMs). Also, based on the 
measurements of the as built procedure, the as built road geometrical elements were reconstructed, a 
task that resulted into a unique horizontal plan, a unique long-section and 85 cross sections. 

Some detailed as well as general drawings of the results of the above mentioned study are given in figs 
6-12. 
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Figure 6: Detailed example of the reconstructed road horizontal plan. DTM by velocity 20-25 Km/h, 
passing B. 

 
 

 
 

Figure 7: Detailed example of the reconstructed road long-section. DTM by velocity 20-25 Km/h,     
passing B. 

 
 

 
 

Figure 8: Example of the reconstructed cross-sections. DTM by velocity 20-25 Km/h, passing B. 
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Figure 9: Example of the reconstructed cross-sections. DTM by velocity 30-35 Km/h, passing A. 
 
 
 

 
 

Figure 10: Example of the reconstructed cross-sections. DTM by velocity 50-60 Km/h. 
 

 
 

Figure 11: The entire reconstructed road horizontal plan. DTM by velocity 20-25 Km/h, passing B. 
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Figure 12: The entire reconstructed road long-section. DTM by velocity 20-25 Km/h, passing B. 
 
Based on the analysis of the 85 cross-sections a “cubic-differences per kilometre” diagram for every 
velocity passing was created (figs. 13-17). The “total cubatures” of these diagrams were considered as 
a main evaluation index of the success of the system in this stage of analysis. 
 

 
Figure 13: Cubic-differences per kilometre for velocities 50-60 Km/h. Total cubatures 464.46 m3. 

Average height difference per cross-section (dH) = -0.156 m. 
Standard Deviation from cubes average = 1.265

 
Figure 14: Cubic-differences per kilometre for velocities 30-35 Km/h (pas. B). Total cubatures 

. 
 

242.40 m3. 
Average height difference per cross-section (dH) = -0.081 m. 

Standard Deviation from cubes average = 0.802. 
 

Velocity 50-60 Km/h y = 1E-13x6 - 7E-09x5 + 0.0002x4 - 2.1516x3 + 15271x2 - 6E+07x + 9E+10
R2 = 0.6121
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Figure 15: Cubic-differences per kilometre for velocities 30-35 Km/h (pas. A). Total cubatures 308.36 m3. 

Average height difference per cross-section (dH) = -0.104 m. 
Standard Deviation from cubes average = 1.255

 
Figure 16: Cubic-differences per kilometre for velocities 20-25 Km/h (pas. B) Total cubatures 

. 
 

278.58 m3. 
Average height difference per cross-section (dH) = -0.094 m. 

Standard Deviation from cubes average = 1.031

 
Figure 17: Cubic-differences per kilometre for velocities 20-25 Km/h (pas. A). Total cubatures 

. 
 

295.54 m3. 
Average height difference per cross-section (dH) = -0.099 m. 

Standard Deviation from cubes average = 1.055

Velocity 30-35 Km/h, Passing A y = 2E-13x6 - 1E-08x5 + 0.0003x4 - 3.9742x3 + 28265x2 - 1E+08x + 2E+11
R2 = 0.5379
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Parametric trend-lines were computed and used not because they adjusted the data in an optimum way, 
but mainly because in most cases they gave roughly similar shape with the coresponding peaks. 
 
 

Velocity 20-25 Km/h, Passing B y = 1E-13x6 - 8E-09x5 + 0.0002x4 - 2.5343x3 + 18026x2 - 7E+07x + 1E+11
R2 = 0.3312
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Table 1 gives us a brief total view of the evaluating parameters of the system and facilitates extracting 
conclusions, of course in combination with the analysis of figures 5-17.  
 

Table 1: Evidences rundown report 
Velocity of passing 

(Km/h) 
Total cubatures 

(m3) 
Standard deviation Average height 

difference (m) 
20-25 (passing A) 295.54 1.055 -0.099 
20-25 (passing Β) 278.58 1.031 -0.094 
30-35 (passing A) 308.36 1.255 -0.104 
30-35 (passing A) 242.40 0.802 -0.081 

50-60  464.46 1.265 -0.156 

As it can be seen in Table 1, another important evaluation index of the system was the “Average 
height difference” which is the results of the equation: 

35
85/).( cubaturestotal

    (1) 

where, (85) is the number of the cross-sections and (35) is the product of 7 m (cross-section width) x 5 
m (distance between the cross-sections). The “average height difference” index can be positive, or 
negative (settlements). 

4 CONCLUSIONS AND FUTURE WORK 
From the analysis presented in this paper, following conclusions and ideas for future work can be 
drawn:  

• It was obvious that, generally, as the velocities increased the reliability of the system decreased. It 
was concluded that a velocity of 20-30 km/h could be the operational velocity of the mobile 
system. 

• The system traced very well the horizontal plan, also the long section with small degradation and, 
finally, the cross-falls with some problems. All this evidence is under investigation and the results 
will be published soon. 

• In all passing cases, the average height difference was negative, a very logical fact because the 
experiments were carried out more than one year after the as-built measurements and the operation 
of the road. Thus, settlements were expected to be observed as this road segment is part of a road 
network in an industrial area hosting the traffic of many heavy vehicles. 

• As shown in figs. 13-17, the highest peaks of the curve-fitting models of "cubic - differences" were 
observed at areas of the road where the inclination changes forces the driver to step on the car 
throttle or accelerator while driving upwards or release it while driving downwards in order to 
maintain the same speed of the vehicle. Stepping or releasing the car throttle results into a positive 
or negative increase of the vehicle's acceleration. It was found that during this acceleration of the 
system (vehicle plus GPS receivers) the highest values of noise were observed, a fact that is under 
further investigation. 

• Another evidence showing that acceleration is an important parameter was the “blasting” of the 
“total cubatures” value during the 50-60 km/h passing, although the standard deviation was in the 
same level of a 20-35 km/h passing. 

• It is feasible to formalize the system (car plus receivers) noise and also the fitting error of the 
reconstructed road design to as built measurements. If a solution to extract these error sources could 
be found, only the road settlement and the unexpected changes (construction failures or damages) 
will remain as basic targets for the development of this mobile fast tracing system. 
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• It is certain that another critical factor is the cost of the system. The use of a dual GPS receiver 
system could be considered very logical provided that the overall accuracy of the system could be 
increased, another task for future work.  

In the future, a more complete analysis of the available data will be done, trying to solve the 
problems and answer the questions mentioned above. The results of this paper are promising and 
we already investigate methods and techniques to optimize the reliability level of our system. 

 
 
ACKNOWLEDGEMENTS 
The authors would like to thank Mr. Manolis Charalampakis for his support in the very first stage of 
the measurements processing. Also they would like to thank “Omikron Ltd”, an engineering company, 
for the supply of the “as built” measurements. 
 
 
REFERENCES 
 
Books: 

1. ZHAO Y.: Vehicle Location and Navigation Systems. Artech House, p. 345, 1997. 
 
Journal and Proceedings articles: 

2. EL-SHEIMY, N. and K.P., S.: Navigation Urban Areas by VISAT – A Mobile Mapping System 
Integrating GPS/INS/Digital Cameras for GIS Applications. Journal of the USA Institute of 
Navigation, 45(No.4), pp.275-286, 1999. 

3. GREJNER-BRZEZINSKA D., TOTH CH., XIAO Q.: Real-time Tracking of Highway Linear 
Features. Proceedings of ION GPS conference, Salt Lake City, 2000. 

4. BAASS K., VOULAND J.: Deternination De L’ Alignement Routier A Partir De Traces GPS. 
Congrès Annuel De L’ ATC, Calgary, Alberta, 2005. 

5. SEUNG-YONG L., KYOUNG-HO CH., IN-HAK J., SEONG-IK CH., and JONG-HYUN P.: 
Design and Implementation of 4S-Van: A Mobile Mapping System.  ETRI journal, vol. 28, No 
3, 2006. 

6. GONZLEZ S.L, MARTINEZ G.S.: Intelligent Diagnostics of Operational Health of Aging 
Transportation Infrastructure. IGERT Round Table Conf., 2009. 

7. SAVVAIDIS P., IFADIS I, and LAKAKIS K.: Modeling a Vehicle – GPS System for Road 
Geometrical Characteristics Verification: A first Approach. IAIN World Congress in 
association with the U.S. ION Annual Meeting, California, USA, 2000. 

8. SAVVAIDIS P., IFADIS I, and LAKAKIS K.: Thessaloniki Continuous Reference GPS 
Station: Initial Estimation of Position. EGS XXV General Assembly Proceedings, Nice, 
France, 2000. 

 
Contact:  
Dr. Konstantinos Lakakis, Assistant Professor 
Laboratory of Geodesy and Geomatics, Aristotle University of Thessaloniki 
Civil Engineering Department, Aristotle Univ. Campus, Greece. 
phone: +30 (2310) 995720 
fax:      +30 (2310) 996159 
Email: lakakis@civil.auth.gr 

mailto:lakakis@civil.auth.gr�


 149 

Determination of Attitude Change by a Single GPS 
Antenna  

 
Simon Häberling, Prof. Dr. Alain Geiger 

Institute of Geodesy and Photogrammetry, ETH Zürich 
 
 
Abstract 
Nowadays, the Global Positioning System (GPS) is mainly used for positioning applications. Here, a 
method is presented to additionally retrieve 3D angular velocities from measurements with a single 
GPS antenna in real-time. The knowledge of the rotation and attitude of a single GPS antenna in real-
time will enlarge the applicability of GPS in machine control and guidance. The method is based on 
the effect of phase wind-up that generates a phase shift depending on the rotation angle of the antenna. 
The measured phase wind-up depends on the position of the spin axis relative to the boresight and on 
the elevation angle of the incoming signal, therefore, it is possible to describe the 3D interaction 
between the receiving and transmitting antenna. For the detection of small angular velocities in GPS 
raw data it is necessary to build the geometry free linear combination L4 to eliminate perturbations on 
carrier phase. The detection algorithm is based on the prediction of that L4 signal by appropriate filter 
methodologies. The computation with multiple prediction lengths is demonstrated by real observations 
with a dual frequency receiver at an aquisition rate of 10 Hz. The results indicate that minimal 
rotational velocities of 3 - 3.5 °/s are significantly (99%) detected dependent on time of day (e.g. 
ionosphere) and satellite constellation. The algorithm for the determination of the complete 3D 
rotation generates stable solutions. However, the availability of a sufficient number of satellites with 
high elevation angles is a decisive factor for the range of applications such as the determination of the 
attitude change of a vehicle with one fixed conventional GPS antenna. The presentation will give the 
principles of the method and will concentrate on first results. 
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on Double Differences 
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Abstract 
In the determination of the orientation of mobile objects GNSS has become an essential part. 
Conventional procedures either base on the analysis of the position of one moving antenna or on 
classical relative GNSS-solutions via two antennas. The first approach fails if the mobile object rotates 
but does not move in course anymore, like an excavator does. The disadvantage of the second 
approach is that after every signal interruption a new ambiguity-fixing is necessary. Thus for a time 
span of a few seconds to several minutes no orientation can be determined. In urban areas with a lot of 
obstacles (e.g. bridges, street canyons) this interruption can appear that often that it is impossible to 
use standard relative GNSS-solutions successfully without any additional sensors. A procedure 
developed at the University of Bonn, that is considering computations of a short and a long baseline, 
provides the opportunity to calculate the baseline-orientation whenever a GNSS-signal is available. 
This is because the fixing of the ambiguities can be solved for every epoch separately. Moreover the 
known length of the baselines stabilizes the solutions by including them as constraint in a least squares 
adjustment. 
 
 
Keywords 
GNSS compass, GNSS orientation, short baseline GNSS, ambiguity fixing 
 

1 INTRODUCTION 
Determining the orientation of an object is a well-known requirement. There are lots of sensors that 
can be integrated in a system to solve this problem, such as gyroscopes or magnetic compasses. To be 
unaffected by any magnetic anomalies and to be independent of sensor drift problems, a GPS-compass 
has already been developed in the late eighties of the last century (JABLONSKY 1989). 
In the history of Global-Navigation-Satellite-Systems (GNSS) different procedures were established to 
determine the orientation by using several numbers of antennas. In the conventional application there 
are two known standard GNSS stand-alone methods that show good performances: 

 Sequence of positions by one antenna 
 Multi-antenna-system (e.g. (HAN AND RIZOS, 1999)) 

However, these appointments sometimes lead to problems. Under the first condition, the positioning 
by one antenna, the calculation of the orientation without integrating any technical support is only 
possible if the single antenna is moving. Whether the antenna is mounted on a mobile object such as 
an excavator, errors occur if it only turns around the z-axis. In this case the mapped changes of the 
positions are such small that they are insufficient in determining the heading.  

 
Figure 1: Difference between track and heading 

wind

heading

track



 152 

Other problems occur if the moving direction corresponds with a track instead of a heading (fig.1). For 
example, such divergences can be expected by estimating the orientation of an aircraft in consideration 
of crosswind. 
To avoid such problems, a second antenna is practical. Those GNSS-multi-antenna-systems are often 
called a GNSS-Compass. By means of more than one antenna differential GNSS-analyses is possible. 
Certainly it necessitates an ambiguity fixing. A brief review of the work on ambiguity resolution is 
presented in a paper by KIM AND LANGLEY, 2000. An example of fixing the ambiguities via a GPS-
Compass was developed in 1996 by TU ET AL.. Thereby the estimation of the ambiguities is done by a 
rotation around the centre of the system. Often the results of mobile-GNSS-applications are limited by 
the time to fix ambiguities (TTFA). This time generally accounts for some seconds up to a few 
minutes (WILLGALIS 2005). In contrast to the usage of multi-antenna-systems in open areas applying 
differential GNSS in cities is often difficult. That is because of the large number of signal interruption 
that arises from urban obstacles. Accordingly a new ambiguity fixing is necessary. In this situation 
determining an orientation using standard GNSS-solutions is not possible. 
Certainly, to determine the orientation of a mobile object, a solution for every single epoch is needed. 
This research presents a way to solve orientations by using a three-antenna-system for every epoch. 
Therefore two baselines are computed. The first one is a short baseline. Its function is to compute an 
approximate solution which is helpful to fix ambiguities of the second baseline. This longer one’s 
function is to deliver an accurate baseline-orientation.  

2 SHORT-BASELINE-GNSS 

2.1 Basic principle of a carrier-phase-measurement 
One GNSS is the Global Positioning System (GPS). This system allocates five different values for 
measurement. On the one hand there are the C/A-Code on the L1- and the P-Code on the L1- and the 
L2-frequency and on the other hand there are carrier-phases on the L1- and the L2- frequency (WARD 
1993). For accurate solutions generally carrier-phases are analyzed. The basic principle of a carrier-
phase-measurement is presented in figure 2. Because of the distance of about 20200 km between the 
GPS-satellite and the baseline, the GPS-signal can be assumed as a planar wave front that arrives at the 
two antennas at different times. Therefore the basic geometry is a right-angled triangle. The single-
difference is the phase-difference of the received signal of one GPS-satellite at the two antennas. It 
contains an “integer-part” nAλ and a “fractional part” ΔΦ. One difficulty in the analysis is that the 
integer part is unknown due to the unidentified ambiguities nA. Generally these variables have to be 
estimated by using an ambiguity-fixing-algorithm to get a solution for the baseline-parameters. To 
avoid the implementation of such an algorithm a Short-Baseline-GNSS can be used, which will be 
explained in the following chapter.  

 
Figure 2: Basic principle of a carrier-phase-measurement 

2.2 Principle of a Short-Baseline-GNSS 
Taking a closer look at figure 2 it becomes apparent that the availability of ambiguities in a single 
difference is dependent on the length of the baseline. Because of the geometry of the right-angled 
triangle, ambiguities in the single-difference only occur, if the baseline is longer than one wavelength 
of the carrier-phase of a GNSS-signal. In case of a L1-GPS-signal it in principle occurs if it is longer 
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than 19 cm. This means that it is possible to avoid ambiguities if the length of a baseline is chosen 
shorter than 19 cm, like demonstrated in figure 3.  

 
Figure 3: Basic principle of a Short-Baseline-GNSS 

 
Since each receiver has an independent clock the single-differences of phases have to be differentiated 
again to remove the relative offset of the clock (DALLA TORRE ET AL. 2003). These so-called double-
differences result from the single-differences of two satellites (fig. 4). Different signs of the single 
differences sometimes lead to difficulties in the ambiguity fixing. Depending on the difference of the 
angles between the baseline and the satellite signals it is possible that there is an integer part in the 
double-difference. Therefore a filter has to be established in a first iteration of the baseline estimation. 
In this way only double-differences should be used if the difference of the angles between the baseline 
and the satellites signals is lower than 55 degree. In a second iteration the ambiguities of the double-
differences that were left out can be calculated using the actual baseline parameters. Additional 
information can be found in the paper by HO (1995).   

 
Figure 4: Angle between the arriving signals and the baseline for two satellites (acc. to Ho 1995) 

 
To calculate the baseline parameters the following system of equations has to be solved: 
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In this equation the first matrix contains the components of the unit vectors u between one receiver and 
four satellites. The vector b contains the baseline parameters. On the right side of the equation the 
double-differences can be seen. Because of the three parameters signals of at least four satellites have 
to be observed. For a least squares adjustment more information is expedient. In the equation shown 
above satellite 1 was used as reference on which the other satellites correspond to by accumulating the 
double-differences.  
The length of the baseline can be measured accurately by another sensor. Therefore it can be used to 
stabilize the least squares adjustment by adding it as observation or constraint. Using the results of the 
Short-Baseline concept it is now possible to calculate the baseline orientation for every epoch 
separately. 
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2.3 Results of a Short-Baseline-GNSS 
The Short-Baseline-GNSS is an easy way to assign the orientation of an object by using two GNSS-
antennas. The advantage of this configuration compared to a standard GNSS-solution is that it delivers 
results for the orientation for every single epoch. Such values for an extract of a set of data taken 
during 30 minutes of normal GNSS conditions are presented in figure 5, 6 and 7. Via using the true 
value of the baseline length as constraint, the computed baseline length (s. fig.5) is assigned with a 
standard deviation of 0.6 mm. This value contains on the one hand the noise and on the other hand 
systematic effects which are typically for GNSS observations. In order to compute heading 
information the baseline-parameters that consist of the difference of the positions of the two antennas 
have to be converted into two-dimensional topocentric coordinates. These are presented in figure 6. 
The heading of the baseline is dependent on the ΔNorth coordinates with standard deviation 1.5 mm 
and the ΔEast coordinates with standard deviation 1.9 mm. The ΔHeight values have no influences on 
the heading. Therefore the greater standard deviation of 5.2 mm is unimportant for the determination 
of the heading which is presented in figure 7. As reference value the mean of a static solution analyzed 
via commercial software is used. 

 
Figure 5: Comparison of the computed length of the Short-Baseline using the known baseline length as 

constraint in the least squares adjustment and without using the known baseline length. 
 

 
Figure 6: Representation of the relative topocentric coordinates of the Short-Baseline in comparison to a 

reference value 
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The results of the computed heading vary between 215 and 220 degree with a mean of 217.4 degree 
and a standard deviation of 0.8 degree. Besides it is evident that there exist systematic effects. At the 
results of the computed baseline length it was already brought up that there are two possibilities of 
analysis. On the one hand, the measured set of data can be analyzed using the known baseline length 
as a constraint in the least squares adjustment and on the other hand it can be analyzed disregarding 
this information. Both results should be considered to stress the influence of this constraint on the 
calculated orientation. At first sight differences in the results of the heading are not apparent. But in 
consideration of the accuracies it should be noticed that disregarding the known baseline length leads 
to a standard deviation of 0.95 degree. This means that the insertion of this known information 
stabilizes the solution of the orientation. 
In this chapter it was demonstrated that the Short-Baseline-GNSS shows a good performance 
computing relative coordinates. With a standard deviation of around 2 mm the solution is very 
accurate. But not only in the usage of a GNSS-compass it is well-known that the accuracy of heading 
information generally is not only dependent on the precision of the positioning but also on the baseline 
length (e.g. PARK ET AL. 1997). Therefore the baseline-length of about 18 cm limits the results badly. 
However the accuracy of the topocentric coordinates of a longer baseline should be similar. 
Consequently for more accurate heading solutions a longer baseline is needed. However the difficulty 
of a longer baseline is to solve the ambiguities.  

 
Figure 7: Heading of a Short-Baseline-GNSS 

3 COMBINED-BASELINE-SYSTEM 
The aim of this paper is to find a way to get a precise single-epoch-solution for the orientation of an 
object. In chapter 2 it became apparent that the accuracy of a baseline-orientation using a GNSS-
Compass is dependent on the baseline length. Thus a baseline length longer than 1 m should be chosen 
to get a heading with a standard deviation of around 0.1 degree. This leads to the difficulty of the 
ambiguity fixing. A possibility to achieve this difficulty is to combine a Short-Baseline-GNSS with a 
longer baseline. In this configuration the solution of the Short-Baseline-GNSS helps fixing the 
ambiguities of the longer baseline.  

3.1 Principle of a Combined-Baseline-System 
The experimental setup of a combined-baseline-system is presented in figure 8. It is about three 
antennas arranged in a row. Antennas A and B include a short baseline, shorter than a wavelength of a 
GNSS-signal, antennas B and C include a baseline with a length longer than 1 m. The analysis of the 
orientation consists of two steps. The first step contains a Short-Baseline-Analysis as described in 
chapter 2 and is presented on the left side of the figure. The aim of this procedure is to determine the 
precise relative baseline parameters Δx1, Δy1 and Δz1. Furthermore these values are necessary to 
compute the angle γ between the baseline-vector and the vector from the antenna A to the GNSS-
satellite. This information is finally expedient to determine the single-difference-ambiguities of the 
long baseline for every satellites-signal for every single epoch.  
Because of the long distance between the antennas and the satellites it can be assumed that the angle γ 
is the same for both baselines. Therefore, in the second step, the ambiguities of the long baseline can 
be calculated with the following equations by knowing the length of the long baseline b2: 
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Hence the constituents of a single-difference are established. The fractional part ΔΦ is known by 
building phase-differences from the observations and the integer part is the product of the analytically 
calculated ambiguities nB and the wavelength of a GNSS-signal λ.  

 
Figure 8: Combined-Baseline-System 

 
Accordingly, if the ambiguities are established for every satellite’s signal, the estimation of the 
baseline-parameters of the long baseline is possible. This occurs in the same way as in the Short-
Baseline-GNSS. Thus, at this point the known length of the baseline is also used to stabilize the 
solution by including it as a constraint in the least squares adjustment. 

3.2 Results of a Combined-Baseline-System 
For the analysis of the Combined-Baseline-System the same set of data as in chapter 2 was chosen. 
The results are presented in figure 9 and 10. Like in chapter 2 reference values resulting from the same 
set of data analyzed via commercial software are used.   

 
Figure 9: Relative topocentric coordinates of the Combined-Baseline-System 
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For the determination of the orientation the relative baseline parameters have to be converted into two-
dimensional topocentric coordinates, as already done in chapter 2. The standard deviation of those 
values is a little worse than the results of the Short-Baseline. The ΔNorth varies between -1.378 m and 
-1.388 m with a standard deviation of 2 mm. The ΔEast varies between -1.091 m and -1.104 m with a 
standard deviation of 2.6 mm. The standard deviation of ΔHeigth is 8.6 mm. It is a lot greater than the 
others, but unimportant for the determination of the heading. The value of the heading (fig.10) is 
between 218 and 219 degree with a little fluctuation. It has a mean value of 218.4 degree and a 
standard deviation of 0.10 degree. Therefore the assumption that a combination of a Short-Baseline-
GNSS with a longer baseline leads to a more precise heading is confirmed. This also becomes 
apparent when comparing figures 10 and 7. 
 

 
Figure 10: Heading of the Combined-Baseline-System 

 
It was demonstrated that the addition of one more antenna to a Short-Baseline-GNSS leads to a good 
performance determining a baseline-orientation.   
Finally, the accuracy of this procedure is of course not independent from influences like multipath or 
the configuration of the satellites. For example, the more satellites with a low elevation are involved in 
the analysis, the less accurate is the solution. This is a normal attitude that always appears if GNSS 
analysis is done. In the procedure presented in this paper those satellite configurations are especially 
difficult because of the ambiguity fixing. The lower the elevation of satellites the more imprecise are 
the measured carrier-phases. Finally, this leads to difficulties while fixing the calculated ambiguities to 
integer values. Nevertheless, precise results of the heading are possible. To underline this, two 
different time intervals of one measurement were analyzed. The elevations of the satellites that appear 
in both sets of data are presented in figure 11. 

 
Figure 11: Satellites-Elevations during the observation 
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The content of the right rectangle shows the satellite’s elevations during the set of data that was used 
in the analysis above. The content of the left rectangle shows the satellite’s elevations during an 
observation period with suboptimal conditions. During this time five satellites had a low elevation and 
only the elevation of two satellites has been greater than 60 degree. The computed orientation of this 
set of data is presented in figure 12. Beyond a domain during the 1380 second and the 1470 second the 
procedure shows a good performance in this situation too and mostly the values of the heading are 
close to the reference value. The reason the heading computed during the 1380 and the 1470 second 
differs so much from the mean is, that the calculated ambiguities are false for more than one satellite. 
Furthermore the problem is that these false observations draw on each other. Therefore the residuals of 
those observations don’t become conspicuous in the least squares adjustment and it is very difficult to 
correct their integer part. At this point the procedure has to be improved. For example there is the 
possibility to involve the observed L2 carrier-phases in the algorithm. Because of the difference 
between the wavelength of the L1- and the L2-signal their information could be helpful if the 
ambiguity fixing is difficult for the L1-carrier-phases used so far. Moreover involving these values 
leads to more observations in the least squares matching and therefore to a better redundancy. 

 
Figure 12: Heading of the Combined-Baseline-System 

3.3 Comparison to results computed by commercial software 
In chapter 3.2 it became apparent that the Combined-Baseline-System shows a good performance in 
the determination of an orientation. Certainly a comparison to results computed by commercial 
software is of interest, too. Therefore a kinematical post-processing carrier-phase-solution computed 
by software of Leica (Leica Geo Office) is used. The headings of both results are presented in 
figure 13.  

 
Figure 13: Comparison of results computed by the software Leica Geo Office and computed by the 

software of the Institute of Geodesy and Geoinformation (IGG) 

 
Both results agree with each other very well. Furthermore, the same characteristics are conspicuous 
and only some differences exist. However this software uses a lot more time to fix ambiguities. That is 
why the Combined-Baseline-System is very useful if GNSS signals often interrupt due to the fact that 
it solves the ambiguities for every epoch separately. Thus this system can on the one hand be useful to 
be added to an existing configuration but on the other hand it is also such accurate that it delivers a 
good solution by itself.  
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4 CONCLUSIONS 
In this paper a single-epoch GNSS-solution was presented. The used system contains three antennas 
that establish two baselines. The aim of this system is to estimate the baseline-orientation for every 
single epoch. Therefore an ambiguity fixing inside of one epoch is necessary. This was allowed by 
combining a Short-Baseline-GNSS with a longer baseline. The Short-Baseline-GNSS is qualified to 
compute a precise solution of the relative baseline parameters. Those values are finally useful to fix 
the ambiguities of the longer baseline. All in all the longer baseline shows a good performance for the 
baseline orientation with a standard deviation of about 0.1 degree. To improve this system the project 
will be continued at the University of Bonn. For example there is the possibility to use a low cost 
sensor for the first antenna, because an approximate solution of the Short-Baseline-GNSS could be 
sufficient. Moreover at the moment only L1-GPS-phases are used. Adding the L2-phases could on the 
one hand be useful if the fixing of the ambiguities of the L1-phases is difficult and on the other hand it 
provides the least squares adjustment with more observations. Accordingly, the results presented in 
this paper afford new possibilities in the determination of the orientation via GNSS.  
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Abstract 
Plant growth and crop yield can be significantly impeded by a number of soil physical parameters such 
as soil moisture content and mechanical resistance. Cone index has been the main indicator of soil 
strength for many years. Furthermore, it is found that soil moisture content plays a complex role in 
contributing the values of cone index that makes difficult discerning the state of soil compactness. 
Therefore, to separate the influence of soil moisture content on soil mechanical strength, combined 
sensors should be developed to measure both of them simultaneously. In this part of study, a novel 
capacitance sensor was designed and developed to measure soil volumetric moisture content. The 
measurement principle depends on the electric field of the fringe-capacitance. In order to vertical static 
calibration, 16 plastic pots were filled by a clay-loam soil prepared in different volumetric moisture 
contents from 9.4 to 34% with uniform bulk density in the pots. The calibration results indicated that a 
quadratic equation with coefficient of determination of R2=0.996, was fitted to the data points obtained 
from measurements. The frequency of the excitation signal was 100MHz to minimize the effect of soil 
salinity. The sensor output was monitored by a digital oscilloscope. This sensor is to be employed for 
on-the-go measurement of soil mechanical strength and moisture content in future study. 
 
Keywords 
Precision agriculture, precision tillage, combined sensor, soil moisture content, soil compaction 
 

1 INTRODUCTION 
The development of sensors capable of extracting on-the-go soil and crop related information is one of 
the main bottlenecks in reducing the precision agriculture technology to practice (Robert, 1999 Cited 
in Andrade et al., 2004). Recording geo-referenced soil information using GPS receivers makes it 
possible to create spatial variability maps and investigate casual relationships between soil properties. 
This geo-referenced information can be used in the design of farm management strategies aimed at 
optimizing resource utilization in agriculture. 
Advances in site-specific crop management (Precision Agriculture) provide capabilities to vary soil 
treatment as one of the inputs across an agricultural field. Soil tillage is one of those treatments. 
Tillage is one of the most energy consuming field operations especially if subsoiling (deep tillage) is 
needed (Adamchuk et al., 2003). When variable depth tillage (Precision Tillage) is applied, significant 
savings in energy (Raper, 1999 and Fulton et al., 1996) and potential reductions in soil erosion can be 
achieved. With maps of the depth of the hardpan layer for entire fields, producers have the information 
needed for setting and adjusting the depth of tillage (Hemmat et al., 2008).  
In order to provide soil compaction maps to be used in map-based precision tillage, diverse sensor 
techniques are utilized to rapidly collect information at field-scale. Of course, these sensors can be 
used in real-time site specific tillage without the maps. The earlier sensors designed for on-the-go soil 
measurements were mostly realized with single sensors that could only measure one physical 
parameter (Glancey et al., 1989; Alihamsyah et al., 1990; Dollite and Collins, 1995; Adsett et al., 
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1999; Erhardt et al., 2001; Chung et al., 2006; Sharifi et al., 2007). Apparently, the single-parameter 
measurement is theoretically insufficient to predict several soil properties at the same time, and thus it 
is required to explore the possibility of multi-sensor techniques (Adamchuk et al., 2004 Cited in Zeng 
et al., 2008).  
For instance, regarding soil strength measurement, even though horizontal penetrometer is an effective 
tool to evaluate the distribution of soil strength at field-scale, either higher soil compaction or lower 
moisture content can result in higher soil strength, so the strength measurement does not provide 
certain information of soil bulk density as the most directed soil property related to soil strength 
(Ayers and Perumpral, 1982; Topp et al., 2003; Hummel et al., 2004, Zeng et al., 2008). 
There is a wide range of commercially available sensors that utilize different physical principles to 
measure soil water content. Some examples are gypsum blocks measuring the suction (water potential) 
of the soil solution, neutron probes counting the low-energy (moderated) neutrons after they collided 
with hydrogen atoms in the moisture of the soil, time domain reflectometry (TDR) measuring the 
elapsed time of an electromagnetic pulse travelling along a waveguide of known length, ground 
penetrating radar (GPR) that employs two antennae moving across the earth’s surface with one 
transmitting electromagnetic energy and the other receiving the energy reflected back to the surface 
from the interfaces across which the dielectric properties have been detected, FD (Frequency 
Decomposition) capacitance sensors  and spectroscopic techniques such as near-in-frared reflectance 
(NIR) (Slauther et al., 2001 cited in Andrade et al., 2004).   
Typically, the devices are used for making discrete point measurements of soil moisture content under 
static conditions except for spectroscopic and capacitance techniques are used recently in on-the-go 
measurement (Mouazen et al., 2004). 
Due to the fact that the relative dielectric permittivity of free water (εwater ≈ 80) is drastically greater 
than those of most soil matrices (3 ≤ ε soil ≤ 5) and of air (εair ≈ 1), soil moisture content can be 
estimated indirectly by measuring the dielectric properties of the soil (Thomas, 1966; Campbell, 1990; 
Sun et al., 2005).  

1.1 History 
In order to separate the interdependency among various soil attributes, three types of combined-sensor 
techniques for simultaneous on-the-go measurement have been developed recently. One was reported 
by Mouazen and Ramon (2006). In their study, a subsoiler equipped with a NIR sensor and a load cell 
was devised. The combined-sensor is used to predict soil bulk density by measurement of subsoiler 
draught, subsoiler cutting depth and soil moisture content. Another type of prototypes combined a 
dielectric sensor with a conventional horizontal penetrometer (Sun et al., 2006). In the third one by 
Zeng et al. (2008), the dual-sensor developed by Sun et al. (2008), was equipped to an EC sensor so 
that triple-fold information with respect to soil conditions could be obtained during on-the-go 
measurement. 
As a literature in soil moisture sensing by dielectric properties, Topp et al. (1996) as well as Young et 
al. (2001) integrated a TDR sensor into the rod of a penetrometer and carried out preliminary 
experiments. Vaz and Hopmans (2001) designed a coiled TDR-penetrometer prob for an impact 
penetrometer, and an experiment to determine the relation among soil penetration resistance, water 
content and bulk density was also carried out (Vaz et al., 2001). 
In fact, TDR technique is not an authentic real-time method, and therefore it is nor suitable for on-the-
go measurement by horizontal penetrometers. For instance, a newly developed probe (Carlos and 
Hopmans, 2001) is operated by impact way since a measurement cycle of TDR sensors is at least 10 
seconds. In addition a cone integrated with a TDR sensor is relatively expensive and is not robust in 
use (Lammers and Sun, 2004). Compared to the TDR-combined penetrometers, the capacitance sensor 
penetrometer has several advantages: (i) rapid response for continuous measurement; (ii) low cost; (iii) 
relative robustness in terms of geometrical structure. 
The objective of this part of study was to design and develop a combined sensor for measuring soil 
moisture content and mechanical resistance. The main difference between this sensor and the reported 
sensor developed by Sun et al., 2006 is in the type of electrode configuration. A new electrode 
configuration which is proposed in this study has more contact area with soil while the length of the 
sensor has not changed. This sensor is to be deployed to measure soil moisture content and mechanical 
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resistance on-the-go. As an end objective, the sensor is to be implemented by a subsoiler to perform a 
variable depth tillage system.  

1.1.1 First Steps 
As shown in Figure 1, the innovated combined sensor was designed accordance with ASABE 
recommended standard (ASABE Standards, S313.3, 2006). A steel cone with diameter of 20.27 mm 
and apex angle of 30◦ was machined and the dielectric sensor consisting of two cupper half rings and 
Teflon insulator was installed back to the cone tip on the penetrating rod with diameter of 16 mm. A 5 
mm hole was drilled throughout the penetrating rod to conduct the coaxial cable from cupper 
electrodes to the circuitry.  

 
 
 
 
 
 
 
 
 

Figure 1: Schematic of the combined sensor 
 

The capacitance of the electrode configuration is calculated by the formula: 
 

 
                            

where C is capacitance (Farad), ε relative dielectric constant of a soil probe system (Farad/cm) and k a 
geometric factor (cm). 
For a capacitance with two parallel plates, k is determined by: 

 
 
 

where A and d are the area of the plates (cm2) and distance between the plates (cm), respectively. For a 
capacitor with two parallel lines, k is computed as: 

 

 
where L, D and r are, length of the parallel line (cm), distance between two lines (cm) and radius of 
each line (cm), respectively.  
However, for the electrode configuration of the combined sensor in this study, it is difficult to describe 
k with a known formula because the distribution of the electric field surrounding the probe, called 
fringe-field, appears somewhat irregular. Hence, elaborate calibration become particularly important in 
this study (Lammers and Sun, 2004).  
As shown in Figure 2, Zp (Ω) stands for the electric impedance of the probe and is regarded as a 
function of εr. Like most of dielectric materials, wet soil can be characterized by dielectric permittivity 
(ε*) that, in general, is a complex function of frequency (f): 

 
 

 
where j= (-1)1/2, , the real part of the , is dependent on the polarization of wet soil, and  refers to 
electric loss, a measure of soil electrical conductivity. Previous studies have shown that the influence 
of  can be neglected if the frequency of the oscillator is above 30 MHz (Gaskin and Miller, 1996; 
Paltineanu and Starr, 1997; Singh et al., 1997) and therefore, soil moisture content can be estimated 
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indirectly by measuring  of the wet soil. In addition, there is an empirical equation between soil 
volumetric moisture content  (cm3 cm-3) and  as follows (Topp and Reynolds, 1998): 
 

 
 
Using standing-wave ratio technique, Zp can be determined from Eq. 6 and then converted into θv via 
specific calibration.    
 

 

where Z0 (Ω) is called balance impedance; Ua (V) and Ub (V) refer to the output signals as shown in 
Figure 2. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2: Circuitry design of the combined sensor 
 

In order to measure the outputs of the sensor, Ua and Ub, a digital oscilloscope (Good Will Instrument 
Co., Ltd, Model GDS 2000, Taiwan) with sampling rate of 1GSamp. /S was employed as shown in 
Figure 3.  

 
 

Figure 3: Digital oscilloscope, oscillator and capacitance sensor 
 
For static-vertical calibration of the designed sensor in laboratory, a clay-loam soil was collected from 
the soil bin in Agricultural Engineering Research Institute (AERI). The soil samples were dried in a 
free-air environment under sun light for 5 days and then passed through a 5 mm sieve. After sifting, 
the soil was remoistened at 4 levels from 6.6 to 29.2% (saturated) wet-based gravimetric moisture 
contents. Since for calibration of the sensor, the volumetric moisture contents were required, the 
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samples were filled into cylindrical plastic pots (inner radius of 120 mm and height of 160 mm) with a 
uniform bulk density of 1.4 g/cm3. Therefore, the volumetric moisture content can be calculated via 
Eq. 7 given below: 

 
 

 
where  and  are soil bulk density and wet-based gravimetric moisture content, respectively. At the 
end, 16 samples at 4 levels of volumetric moisture contents from 9.4 to 34% (saturated) were prepared 
with 4 replications in each level of moisture content. To give the samples sufficient time to reach 
equilibrium, the calibration was conducted several days after adding the water.   

2 CONCLUSIONS 
Figure 4 shows the calibration result of the moisture content sensor. It is apparent that the correlation 
between the output of the sensor and moisture content estimates a quadratic equation with a 
determination coefficient of R2=0.996. It demonstrates that the sensor has adequate accuracy for 
determining soil moisture content. Of course, the data points in the calibration curve are the average of 
the 4 replications at each levels of moisture content.    
A new sensor for on-the-go determining of soil moisture content was developed and tested under 
laboratory conditions statically and its applicability was investigated. Compared with TDR sensor, this 
sensor is much cheaper and more robust in use. The calibration result indicated that the sensor can 
measure volumetric moisture content accurately but more laboratory testes should be conducted 
dynamically to evaluate the sensor for different soils and bulk densities. Since the capacitance sensor 
can easily be integrated into a penetration cone, the combined penetrometer is promising instrument 
for characterizing soil conditions for site specific agriculture, especially for precision tillage.  

   

 
Figure 4: Calibration result of soil water content sensor 
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Abstract 
John Deere has developed a Tractor-Implement Automation (TIA). At the same time Pöttinger and 
John Deere have invented a tractor-loader wagon automation. The tractor and certified implements 
exchange information bi-directionally based on current ISOBUS implementation level and a protected 
communication layer. The implement can be controlled via the ISOBUS terminal and can dynamically 
request changes of tractor parameters. The Tractor-Implement Automation is the first-to-market 
functionality allowing bi-directional communication and will be on sale for 2010. 
The first implements which are using these benefits are John Deere round balers for automation of the 
repetitive actions of the baling process and Pöttinger loader wagons for continuous speed control and 
prevention of blockage during loading process. 
This article presents Tractor-Implement Automation in general and expands on the system solutions 
with a John Deere Baler and a Pöttinger Loader Wagon. 
 
Keywords 
Tractor-Implement Automation, agricultural industry, forage, hay, loader wagon 
 

1 INTRODUCTION 
In the last years a lot of automation and optimization has been taken place for both the tractor and the 
implement. John Deere and Pöttinger have invented an automation system, see figure 1, which 
optimize the entire system. 
  

 
 

Figure 1: Intelligent Tractor-Loading Wagon Automation 
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1.1 Definition and relevance of tractor-implement automation 
While optimization of efficiency has advanced impressively over the last decades within the tractor  
and on the implement, respectively, a large opportunity has remained unexploited to a high extend: the 
dynamic optimization of the tractor-implement system, see table 1.  
 

Table 1: Levers for productivity increase in agriculture 
 

 
 
 

 
Talking ISOBUS (2007), this refers to two different ISOBUS elements: to ISOBUS sequence control 
(e.g.,) and to ISOBUS TECU Class 3. While the first refers to automated operating sequences such as 
headland management for tractor and implement, in this article only the second element is discussed 
and referred to as Tractor-Implement Automation (TIA). 
It is the next step into agricultural system automation and addresses the need for tactical efficiency 
solutions as defined in Hahn (2008).  
Closed control loops can be used for process optimization focusing on productivity increases through 
acceleration and/or cost reduction, improved operator comfort and better work quality. The benefits 
have been investigated, demonstrated and quantified by Thielicke (2005), including the examples of a 
tractor-baler and a tractor-loader wagon combination. This dissertation was an important part of the 
John Deere R&D activities in this field that started in 2001. 

1.2 Overall concept 
In the John Deere Tractor-Implement Automation, tractor and implement use the current ISOBUS 
implementation level to its full extend, e.g. the Virtual Terminal part to control the implement via the 
ISOBUS display in the tractor cab (such as John Deere 2600). Additionally both exchange information 
bi-directionally. This is realized based on the current status of the ISOBUS part TECU Class 3, 
supplemented by additional proprietary message handling for information not yet provided with the 
standard.  
ISOBUS does not provide the possibility of a protected environment for safety-critical applications 
such as tractor speed control or PTO control, yet.  
Therefore, a security system to control tractor function access has been developed by Deere. 
It allows certified implements to control certain tractor parameters. 
 

          

Levers for Productivity Increase in Agriculture

• Automation and control in self-propelled machines or in tractor 
implements w/o link to the tractor (e.g., Harvest Smart; 
SprayerPro)

Automation 
within 
machine

• Improvement* of agricultural operating processes by 
information exchange between implement and tractor in 
order to automatically control actuator parameters and/or 
operation sequences.

Tractor 
Implement 
Automation

• Application planning and control of different machines from a 
central instance (connected to farm management)

• Interaction and co-operation between machines 
(e.g., leader – follower)

Multi-machine 
management

• Economic decision-making based on all relevant information such 
as achievable prices, cost, weather, soil, yield

• Related task planning, resource planning and process execution 
planning

• Reporting (for decision-making, traceability and to authorities) 

Farm 
Management
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With the current version of John Deere Tractor-Implement Automation, the following tractor 
parameters can be controlled by the tractor-implement system: 

• Tractor speed control 
• Variation of the tractor acceleration rate level 
• Automated Stop Function 
• Tractor E-SCVs (valve state and flow rate) 
• PTO gear and on/off.  

The tractor allows the implement to choose between different levels of acceleration / deceleration of 
the IVT transmission including the possibility for selected implements to command a faster 
acceleration / deceleration than normally available.  
 
For rear PTO-driven implements, the tractor additionally provides an approximated PTO torque signal.  
Automation will be offered for John Deere 6030 Premium series tractors. The first implements to use 
these features are John Deere 864 Balers and Pöttinger Jumbo Loader Wagons. The roll-out to further 
balers, loader wagons and other implements is planned. John Deere, Pöttinger and other implement 
manufacturers involved in Tractor-Implement Automation intend to translate the experience out of the 
joint projects into the standardization process in order to finally be able to realize Tractor-Implement 
Automation 100% based on ISOBUS standard. The huge productivity benefits that, in a first step, are 
limited to selected implements and Deere tractors would then be also available for other tractor-
implement combinations. 

2 SOLUTION DESCRIPTION 

2.1 Features of the Deere 6000 Premium TIA Tractor  
Many agricultural processes are discontinuous processes where regular interactions of the operator are 
needed, e. g., to stop the tractor or to actuate the SCVs. In addition the permanent manual speed 
control to the needs of the application challenges the operator. It also offers potential for 
improvements and automation.  Therefore, the first version of TIA addresses these issues. Further 
extensions to other tractor features such as steering can be expected. The intention hasn’t been to build 
prototypes, but to launch series production. Therefore, the step-by-step introduction of different 
features together with a sound security concept has been selected. 
The features of the TIA-Tractor are now described in more detail: 

2.1.1  Automated Speed Control 
The TIA tractor offers the possibility to command a target speed and an acceleration (/ deceleration) 
rate.  This continuous speed control allows the tractor-implement system to adapt to varying working 
conditions, such as the volume variations of a windrow in case of the loader wagon, as demonstrated 
by Thielicke (2005). 
The TIA tractor also provides a relative PTO torque signal measured on the tractor. This can also be 
used to control the speed (see Thielicke (2005)) or to calibrate a speed control using a swath sensor. 
While an ultrasonic swath sensor detects swath volume, a calibration with the PTO torque offers 
implements with a pick-up the possibility to approximately control the speed based on the swath mass. 
The PTO Load Control regulates the tractor wheel speed dependent on the measured PTO torque. If 
the PTO torque is high (e.g. very big swath) the forward speed reduces automatically. If the torque is 
low (e.g. small swath) the speed increases until the torque is optimal or a maximum forward speed is 
reached. 
This feature is only offered with tractors that have a infinite variable transmission (IVT) drive. 

2.1.2 Variation of the acceleration rate level 
The level of the acceleration rate can be changed by the implement. For implements such as the baler 
and the loader wagon, the acceleration rates associated with the drive lever, clutch and brake are more 
aggressive than in manual mode.  This means that "dropping the clutch" accelerates the tractor more 
rapidly when in automation than an operator can get on the same tractor without automation active. 
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This unique feature is only possible in automation mode and allows the tractor to understand when a 
heavy implement is mounted and a higher acceleration rate is acceptable (inputs based on e.g. weight, 
comfort and safety issues). The operator has the possibility in automation mode to choose the 
acceleration rate level of the tractor between a more comfortable and a more efficient option. 
This feature is only offered with tractors that have an infinite variable transmission (IVT) drive. 

2.1.3 Automated stop function 
The automated stop function is based on a signal from the implement to stop the tractor, which can 
occur when a process is completed. This is very helpful for applications where the operator has to stop 
the tractor many times per day (e.g. round baling). 
This feature is only offered with tractors that have an infinite variable transmission (IVT) drive. 

2.1.4 Automated SCV-Control 
All hydraulic systems can be automated by using SCV flow requests or control the valve state, for 
example when the implement requests hydraulic oil, the tractor in tern will provide the requested 
quantity of oil to execute the operation. This can be used to enhance the automation level of the 
implement.  
In many cases, implements are equipped with individual valve stacks in order to allow for automation 
on the implement alone, e.g. planters for special crops. In these cases, the cost for this additional valve 
stack on the implement can be saved without losing on automation. 

2.1.5 Automated PTO Gear and PTO on/off function 
The PTO gear can be changed (in stand-still) and the PTO can be switched on or off automatically. 

2.2 Tractor-implement Communication  
The basis for the information exchange is ISOBUS. Table 2 shows some examples of messages used 
according to the ISOBUS Protocol (ISO 11783 (2007)): 

 
Table 2: Examples of used ISOBUS messages: 

 
Function Group /  
Function 

Tractor Status 
Message: 

PGN 
Cmd 
Byte 

ISO  
11783 
Part 7 

Section 

Implement 
Request 
Message: 

PGN 
Cmd 
Byte 

ISO 
11783 
Part 7 

Section 
Automation 

 
      

SCV (Flow Rate, 
Valve State) 

      

Auxiliary Valve 1 
(First Rear Valve) 

Auxiliary valve 1 
estimated flow 65041 B.14 Auxiliary Valve 

1 command 

 
65073 

 
B.14 

Additionally 
Valves 

According for 
additionally valves   

According for 
additionally 

valves 
  

Rear PTO 
(Engagement, 
Mode, Speed) 

Primary or rear 
PTO output shaft 65091 B.9 Hitch and PTO 

commands 65090 B.10 

Vehicle Speed Machine 
selected speed 61474 B.28.1 

Machine 
selected 
speed 

command 

64835 B.28.2 
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Additionally to this ISOBUS Class 3 implementation in the Tractor Control Unit (TECU), proprietary 
messages are used for the following functions: 

• Interface for bi-directional communication between tractor and implement 
• Control of access to tractor functions  
• Interface for certified implements 
• Further parameters needed not specified within ISOBUS Class 3 yet 

2.3 Round Baler 
The round baling process is a discontinuous process where regular interactions of the operator are 
needed for bale ejection (stop tractor, open & close the gate). In addition, the driver permanently has to 
adapt speed depending on the windrow volume and conditions. 
With the first step of automation offered for the 864 baler from 2010 on, the implement automatically 
runs the bale ejection sequence. A next step could be to run at maximum speed w/o blocking the baler 
by controlling speed depending on a set maximum PTO load as described by Thielicke (2005). 

2.3.1 Manual round baling 
The process sequence for a round baler consists of a number of steps that are repeated for each bale. 
As first step of the baling process shown in figure 2, the baling chamber has to be filled evenly after 
starting operation. As soon as the chamber is filled, the operator has to stop the tractor and the tying 
process of the press has to be started. Afterwards, the operator opens the baler gate with a hydraulic 
control valve (SCV). After having verified that the bale has been completely left the chamber, the 
operator has to completely close the gate by again actuating the SCV. Finally, the operator can start 
forward motion again to bale the next bale. This process is repeated more than 400 times a day (40 
bales/hour). This monotonous repetition fatigues the operator, resulting in mistakes, reduced quality 
such as uneven bales or bales of different size and can reduce efficiency. Additionally, the driver has 
less energy to control the steering and the speed of the combination. If this leads to a blocking of the 
baler, precious time gets lost. 
 

 
 
Figure 2: Automation of the Round-Baling process (green arrows: automated functions as of today) 

 

 

Start Filling chamber Stop* Tying 

Open the gate & eject bale Close the gate 

Communication 
Link 
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2.3.2 TIA Tractor-Baler Automation 
After connecting the baler, the certification is checked. After approval by the TECU, TIA is activated. 
This approval process is shown in the tractor display (ISOBUS VT) as represented in figure 3.  
 
 
 
Unavailable – Tractor Baler Automation is not installed on the baler and/or is not licensed on the 
tractor.  
 
not available deactivated ready for activationactivated   active  (flashing) Pause
  

Figure 3: TIA approval process 
 
This general approval process means for the example of the round baler: 
 
not available – TIA not connected or no TIA approval by the tractor 
deactivated -  TIA is installed and approved, but activation has not been prepared.  
ready for activation – All required requests have been successfully processed, activation can be 
started: operator can activate the system (pressed the activation button adjacent to the pie diagram) 
active – TIA is active, baler commands tractor and the system acts in automation mode.  
pause – TIA is active but in „pause“: baler waits for approval by the driver in order to re-start the 
automatic process  
 
The John Deere 864 round baler uses the elements of John Deere TIA explained in chapters 2.1.2, 
2.1.3 and 2.1.4. 
 
With the first step of tractor implement automation available now, all green arrows in figure 3 are 
automated, i.e. Stopping, opening and closing of the gate are automated so that the operator can 
concentrate on the demanding task of filling the baler, including steering and adapting speed. 
 
Automated stop 
In stopping the baler, it is key to find the right point in time. State of the art is that the operator has to 
use clutch and/or brake and not release it before tying has been finished, the bale has ejected and the 
gate has been closed. With TIA, the tractor stops automatically when the baling chamber has the 
optimum filling. Neither clutch nor brake has to be used. By varying the deceleration level, the 
operator can adjust how quick the tractor stops. The system solution also prevents another typical 
pitfall of manual operation: tying can not start before picking up material has stopped. This allows to 
produce bales with the constant, desired diameter and a high tying quality. Downtime can also be 
reduced by eliminating the possibility that the tractor is not stopped in time. 
 
Automatic request of hydraulic power to open and close the baler gate  
After the automatic tying cycle has been completed, the baler requests hydraulic flow to open the rear 
gate. Normally the SCV switch has to be used for opening the gate and the progress has to be watched 
via the mirror until the bale is ejected as shown in figure 4. Following ejection the bale gate can be 
closed. 
 

 

 

 

 

Figure 4: Opening and closing the gate with manual operation 
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On vehicles with automation the gate opens directly after the tying process is finished, by monitoring 
the gate position as well as the bale ramp motion, the gate is only opened as much as needed, saving 
time, and then closed automatically immediately after the bale has left the chamber. After completion 
of this cycle, the display informs the operator and asks him to initiate tractor motion again. In this state 
the baler limits the tractor acceleration actively to ensure proper material flow into the baler. 
 
Automated Start of the tractor after acceptance by the driver 
For security reasons, the driver gets an optical and acoustical signal that the system is ready for restart. 
He has to restart by using the left-hand reverser. Alternatively, if the driver has chosen to brake 
additionally to the automated stop function, he can release the brake to restart. 
 
To summarize, the automatic process can be represented as shown in figure 5.  
 

t

Bale
size

speed
cmd

valve
cmd

100% 
of set 
size Max

open

close

neutral

1 2 3 4 5 6 7 8 9
 

 
Figure 5: Representation of TIA for baling (blue: speed, green: bale size, red: hydraulic state) 

 
 
1. Start of baling, round baler determines acceleration to optimize quality 
2. The tractor accelerates depending on speed request commands from the baler   
3. The baler commands to stop 
4. The tractor decelerates (with the level preset by the operator), stops, the tying process is initiated  
5. Tying is finished, the baler commands hydraulic flow to open the gate (red line) 
6. The gate opens automatically 
7. The baler commands gate closure (after the baler’s ramp has signaled that the bale has left the 
baling chamber)  
8. The gate closes automatically 
9. After the gate has closed, the baler signals the operator that he can re-initiate tractor motion  
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2.4 Loader Wagon 
The automation of the system consisting of a Pöttinger “Jumbo” or “Torro” loader wagon, a John 
Deere TIA Tractor and a Pöttinger swath scanner. This system allows a continuous optimization of 
forward speed during operation, depending on the swath volume and the optimum operating point. 
Additionally the overall system is able, to prevent blockage during loading process. 

2.4.1 Sensor input 
The speed control is calculated depending on a number of different input parameters. The main key 
sensing elements for input parameters are the geometry of the swath, the torque of the rotor, the 
charging level and also the actually forward speed. 
 
Geometry of the swath - ISOBUS Ultrasonic Sensor Bar 
Together with LCM GmbH (Linz Center of Competence in Mechatronics), Pöttinger has developed a 
new ISOBUS ultrasonic sensor bar with 9 ultrasonic sensors to scan the surface, see figure 6. It 
communicates with the tractor-implement system via ISOBUS.  
 

 
 

Figure 6: Pöttinger ultrasonic swath scanner  
 
The swath sensor samples the surface with 9 ultrasonic sensors across the full working width. With 
this metrics the geometry for the swath is derived. In figure 7 one can see the principal operation of the 
system with five sensors. In practice there are 9 sensors used. 
 
 

 
 Figure 7: Function principle of Pöttinger swath scanner (schematic representation) 
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Further information such as the swath height and width, the center, the eccentricity and the cross 
section are derived from the scanning information. Therefore the control system is able, to classify the 
existing swath and can derive a control strategy adapted to this parameters. Additionally with the 
linkage of the cross section information and the tractor speed, a volume flow rate can be predicted. In 
figure 8 one can see the calculated cross section. 
 

 
 

Figure 8: Swath measurement 
 
The torque of the rotor  
The torque of the loader wagon rotor is also used to improve the speed control. In combination with 
the volume flow rate provided by the swath scanner and the torque of the rotor a mass volume flow 
rate can be calculated. 
With this information, the tractor speed is also controlled, the details of the control system can be seen 
in chapter 2.4.2. In figure 9, the torque of the rotor is indicated as a percentage. 
 

 
 

Figure 9: Load measurement 
 
Charging level 
A third important information for controlling the loading process and the forward speed is the 
continuous measurement of the charging level of the loader wagon. This means, that the speed is 
linked to the charging level. The higher the charging level, the lower the speed commands and vice 
versa. 
 
Additionally to these elements, the following information is used for the control system: 

• Tractor: Current speed  
• Loader Wagon: Pick-Up position 
• Loader Wagon: Scraper floor situation – on or off 

 



 180 

2.4.2 Pöttinger Loader Wagon and TIA 
The system is shown in figure 10. 

 
Figure 10: Tractor – Loader Wagon Team 

 
In this illustration, the most important sensor information is represented. With this data, the following 
actions are triggered depending on the respective working point: 
 
Automatic Speed Control 
With the volumetric flow rate (forward speed * swath area) and the rotor torque, the target speed is 
calculated and forwarded to the tractor: the smaller swath and torque are, the higher the requested 
speed and vice versa. This results in a controlled loading process allowing for operation in the 
optimum point. In total, 10% productivity increase, increased driving comfort and protection of the 
system can be achieved, see 3.3. 
 
 
Variation of acceleration level 
An increased charging level of the loader wagon is translated into decreased deceleration and 
acceleration levels. 
Further parameters, such as terrain slope, the weight etc. can also be included in the future. 
 
 
Different driving modes 
The operator has the choice between two operating modes: 
1. ECO Mode  
The loader wagon is operated with a workload between 70% and 90%, to be chosen by the operator. 
This increases the lifetime of the machine components and results in overall reduced fuel 
consumption. 
 
2. MAX Mode:  
The loader wagon is operated with a utilization of 95%. This allows for maximum loading speed and 
maximum productivity while minimizing the risk of blockage of the loading process. 
 
 
Automatically deactivating of the PTO 
Automatical deactivating the PTO increases operator comfort: the PTO is switched off automatically 
in case of system hold-ups due to overload. 
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Next steps 
As for the baler, further features can be nicely integrated into the existing TIA systems. For the loader 
wagon, it is planned to differentiate between loading operation and transport operation, distinguished 
by the position of the pick-up. For lifted pickup, additional settings such as maximum speed can be 
integrated. 

2.4.3 Measurement results 
To see the correlation between the swath measurement data and the data getting from the PTO-
moment, a lot of measurements were performed. Figures 11 and 12 show two examples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: First example of test measurement 
 
 
The picture shows that a change in swath size (a bigger swath area) results in a torque increase on the 
rotor (increase represented towards the bottom, the yellow line is printed reverse). 
 
In some cases, a certain delay is observed when the forage is pushed forward by the pickup before it is 
collected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: Second example of test protocol 
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In figure 12 one can see, that a blockage of the loading process has held. This can be seen in an surge 
of the swath area as well as in the PTO-moment. 
 
 
To see, if the entire system can prevent this blockage, which is shown in figure 12, a diagram with the 
reaction time of the individual components (swath scanner, loader wagon and tractor) as well as the 
reaction time of the entire system is considered. The results of this reflection can be seen in figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Reaction times in the system 
 
 
With a given deceleration rate of approx.1 m/s² on flat ground, the tractor-loader wagon combination 
can reduce speed by approx. 20% within the reaction time (assuming a forward driving speed during 
operation of 4-5 m/s). 
The field evaluation has shown that this is usually sufficient to prevent blockage during loading 
process. A practical field application with the overall system can be seen in figure 14. 
 

 
 

Figure 14: Practical field application 
 
In this illustration the connection between the cross section of the swath, the torque of the rotor and the 
forward speed can be seen. 

Time reaction / impacts:

Swath and
PTO-moment
measurement
~135 ms

ECU
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valves
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floor

~155 ms Pöttinger
Without scrapper floor

movement of
the scrapper floor
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~675 ms total time: Pöttinger until reaction of scrapper floor

~150 ms time to reaction: John Deere

~ 305 ms total time: John Deere until speed reaction

Forward speed
5 m/s = 18 km/h

Distance swath scanner
to pick-up
~ 7 m

time / distance until
reaction of
Loader wagon:
0,675 s / 3,375 m
tractor: 
0,305 s / 1,525 m
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3 CUSTOMER BENEFITS 

3.1 General 
The tractor automation can increase productivity – especially for less skilled drivers, increase comfort, 
reduce operator fatigue, reduce the risk of operator-caused downtime and improve work quality. 
Some of the greatest challenges facing the agricultural industry in the future are; changing 
environmental conditions, limited number of available working days and reduced availability of 
skilled labor. Taking these key challenges into account, farmers will have to utilize their resources 
more efficiently and effectively, being more productive in each working day.  
One solution to these challenges will be the intelligent tractor to optimize tractor-implement 
combinations: 

Increased Productivity: 
• Increased performance through optimized speed control using the PTO load control function 

and higher vehicle acceleration rates 
• Significant reduction of idle time 
• Reduction of operator fatigue by eliminating reoccurring and serial tasks 
• Reduced operating costs can be achieved by allowing less skilled operators to maximize the 

productivity 
• Performance measurements executed by the Martin-Luther University of Halle on early 

prototypes show significant potential for system productivity increases depending on the field 
and crop conditions. 

Increased end product quality and operator comfort: 
• Reduced number of operations within the cab 
• Relief of the driver, concentration on control functions 
• Reduced fatigue, reduced task complexity, more enjoyable work 
• Less tiring after long working days 
• Reduced Operator Skill Requirements: Quality job execution less dependent on operator skill 

level 

3.2 Round Baler 
The tractor baler automation system provides customer value in different aspects:  

• Accelerate the bale ejection cycle by stopping the tractor immediately after target size is 
achieved, opening the gate, ejecting the bale and closing the gate 

• Start baling after acceptance by the driver  
• Achieve Better quality of the bales („One-size“-bales“) 

These benefits have been validated by different customer focus groups during 2009. It was important 
to understand the important of the significant comfort increase provided by the system even if this is 
difficult to be quantified in monetary terms. 

3.3 Loader Wagon 

3.3.1 Overall benefits 
• A conservative calculation shows that a productivity increase of at least 10 % can be achieved, 

resulting in an annual savings potential of 1000,-  EUR p. a. (for 300 operating hours). 
 
• The driver’s comfort is significantly improved since the driver no longer has to adapt the 

speed to the swath conditions.  
 

• Both experienced and inexperienced drivers benefit from automation during daytime, but even 
more during operation in the dark. 
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• By reducing peak loads, the components are protected increasing machine life time and 
reducing total cost of ownership. 

 
• The uncomfortable job of removing blockages has to be performed less frequently. 

3.3.2 Efficiency calculation 
10% higher productivity, annual savings potential of ~ 1000 EUR (for 300 operating hours) 
It is realistic to assume that over 50% of the operating time, the operating speed can be increased by 
TIA. Since the later cuts over the year produce less yield / ha than the earlier ones, the speed reduction 
potential is reduced. Based on 300 operating hours, 50% = 150 hours remain as impacted by TIA. 
Assuming a field-farm distance of 2,5 km, about 25% of this time is loading time, i.e. time when the 
rotor is operated. This leads to a relevant annual rotor operation time of approx. 38 hours.  
Average cost during loading operation is 200 € per hour. Assuming the 10% speed increase which is 
conservative compared to the performed tests results in an hourly TIA-related benefit of 20 € or 750 € 
p.a. (with 38 hours). 
The second main effect is that TIA allows to prevent system downtime cost due to overload, i.e. 
blockings. 
Assuming again 150 relevant operating hours or 375 annual loads. Assuming a system overload for 
one load in ten, 37,5 downtimes  occur annually. 
It is conservative to assume that the operator looses in average 3 min by manual interference 
(stopping, puling back, releasing overload, restarting) which results in approx. 2 hours lost time p.a. 
Assuming 130 € total cost per hour, prevented downtime allows for 250 € annual benefit. 
Adding up the two elements quantified, intelligent automation with TIA results in 1000 € annual 
benefit, or 3000 € for three years. 
 
Longer life time and reduced maintenance cost / TCO 
Other customer benefits are more difficult to quantify yet very relevant. 
Preventing system overload, hence peak loads protects the drive train elements, resulting in longer 
lifetime and less maintenance cost.  
 
A further significant benefit is increased operator comfort. Less fatigue and the avoidance of the 
intricate removal of blockings is a very important benefit. It allows the operator to run the system 
longer per day which could easily translated in another very tangible benefit due to higher annual 
utilization, e.g. in the case of contractors. 

4 NEXT STEPS 
Deere, Pöttinger and other partners will subsequently introduce more TIA features and products to 
realize further features that have already been investigated deeply in research and advanced 
development. Other manufacturers are also expected to introduce similar solutions based on ISOBUS 
Class 3. Deere and Pöttinger intend to finalize within the Agricultural Industry Electronics Foundation 
AEF (2009) ISOBUS Class 3 together with the other members of AEF. The vision is that Tractor-
Implement Automation finally becomes one element of ISOBUS with a specific feature-based 
certification against a defined test procedure as currently performed for ISOBUS VT functionality to 
allow for TIA plug and play with all approved implements. 

5 CONCLUSIONS 
In this paper, the newly launched Deere Tractor-Implement Automation as well as a Tractor-loader 
wagon automation with a Pöttinger JUMBO has been presented. Therefore the first two implements 
are available for this system solution. The functionality and customer benefits have been also 
described. 
Therefore two entire systems for a tractor implement automation are available for the customer and 
provide them new perspectives for the future farming. 
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Abstract 
There is a trend in agricultural engineering towards high-performance harvesting machines with 
growing operating width and throughput. As much as performance and throughput are rising, the 
transportation units are characterized by increasing transportation volume. 
If harvesting and transport are combined in parallel operation (e.g. self-propelled forage harvester), the 
driver of the harvesting machine and the driver of the transport unit has to pay a high degree of 
attention to the loading process. But losses of harvesting goods caused by missing the trailer have to be 
kept at a minimum, the complete transport volume should be utilised and collisions between the 
involved machines have to be avoided. Loading processes with large-scaled machinery mostly imply 
that the visibility into the transportation unit is severely limited. 
The main aim of the presented research project is to develop and analyse the potential of model based 
loading exemplified on a forage harvester and a corresponding transport unit. The forage harvester had 
been used as the prototype for a GPS-based position control of the spout. The model based loading 
means an enhancement of the automation of the loading process. 
First objective of this research project is the development of a software model of the heap of bulk 
goods. Basal analysis on heaps of agricultural goods like grass and maize silage are essential. By 
combining the software model, the space model of the transportation unit and the throughput, the 
current status of loading is predictable and different loading strategies can be spotted, tested and 
scrutinized with regards to efficiency and the facilitation of work. 
This article derives a general overview of the research, including a short introduction concerning the 
overall trends of automation in agriculture (chapter 1). In addition to the set up of the loading principle 
(ch. 2.1) exemplified field trial results (ch. 2.2) as well as the model concept (ch. 2.3) will be given. 
 
Keywords 
GPS-based position control, spout control, precision overloading, bulk heap software model, loading 
process model, cooperating machinery 
 

1 INTRODUCTION 
Following a common trend in agricultural engineering size and weight of harvesting machines are 
increasing as well as working width and throughput are rising. Larger machine size usually causes 
higher financial investments and relative high operating costs. To generate a maximum of harvesting 
profit, harvesting machines – as well as any other high performance machine – have to be run at: 

- the most efficient configuration as possible, 
- a high amount of operating time per harvesting period.  

 
If harvesting and transport are combined in parallel operation, the overloading process is of another 
particular importance for the efficiency of the whole harvesting process. Constant vigilance and high 
concentration is required from the driver in order to avoid losses, overfilling or collisions between the 
vehicles. With increasing speed and dimensions these demands increase as well (Buckmaster et al., 
Wallmann et al.). The interaction of harvesting, loading, transport and unloading results in countless 
possibilities for combining machinery regarding to e.g. transportation capacity or system efficiency 
(Buckmaster et al.). Besides the complexity of the whole harvesting logistics the overloading process 
in parallel operation implies several difficulties. Firstly, both drivers - of the tractor and of the 
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harvesting machine – have to work in a well coordinated team. They have to pay high attention on 
their driving path and overloading process. Regarding the normal arrangement of the cockpit of a 
tractor and a harvesting machine, the driving path is in front of the machines, but the overloading 
process normally happens backwards to the drivers. Due to this, every time they increase their 
attention to the overloading process, their attention to their driving direction declines.  
 

 
Figure 1: Self propelled forage harvester and tractor-transport unit 

 
Secondly, due to the increasing dimensions of agricultural machinery, it is getting more difficult to 
take insight into the transportation unit (cf. Figure 1). Neither the driver of the tractor nor the driver of 
the harvesting machine has full insight into the units, generally only the edges and the last fragments 
of the side walls are visible. Therefore they have to act on expertise. Especially when the harvesting 
machine has to be run during night, the concentration on the overloading process narrows the 
performance of the whole harvesting process (Wallmann et al.). 
For this reason, the automation potential during the parallel loading process is being investigated at the 
Technische Universität Braunschweig. To meet this purpose the Institute of Agricultural Machinery 
and Fluid Power (ILF) and the Institute for Control Engineering (IfR) developed a loading assistance 
system (cf. chapter 1.1). 

1.1 Assistant system for the overloading process (ASUL) 
The prototype of the ASUL assistant system allows a closed loop loading position control of the spout 
of a forage harvester. As depicted in Figure 2 four GPS-receivers are fixed on the roof of the harvester, 
three receivers are mounted upon the tractor. The raw position signals (as NMEA-strings) are 
computed in an industrial PC placed on the harvester. Because of the minor distance between harvester 
and tractor the inherent deviation of the raw position signals are very equal for all receivers and can be 
eliminated via software. The deviation of the relative positions of the vehicles is about 5 centimeters, 
while the failure in absolute position is of secondary importance. On the harvester a dSpace-PC is used 
to compute the control of the loading point. Via the ControlDesk software every position in the tumbril 
can be defined as the aim of the crop-stream, while the dSpace controls the appropriate spout position 
via a Matlab/SIMULIK-model so that the stream hits the position. The system works within the given 
parameters. The spout control allows position accuracy up to 50 centimeters. (Weltzien et al.) 
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Figure 2: Set up of the ASUEL assistance system 

 

1.2 Qualifying the ASUL potential for the automation of overloading 
Modern harvesting machinery is generally equipped with an increasing number of sensors. The data 
recording of these sensors is used for miscellaneous objectives. The applications vary from telemetric 
systems according to the performance data (e.g. operation speed, machinery position) and machine 
settings (e.g. knife drum speed, throughput) to system reliability monitoring, which mostly is carried 
out by condition management and machine warnings (e.g. oil pressure, oil temperature) (Krallmann et 
al., N.N.08, Amiana et al.). With regards to the vulnerability of low level optical sensors to the 
influences of agricultural environment (e.g. Graefe et al.) and the sensor equipment of agricultural 
machinery, the investigation of model based loading strategies based on sensors actually mounted on 
harvesting machinery has been initiated. Therefore another research project started in 2007, enhancing 
the ASUL system by the usage of throughput related model based loading methods.  

2 PARALLEL OPERATED LOADING USING A SPATIAL MODEL 
Model based loading is one consequent continuance of developing an automated assistance system for 
the loading process. The shown concept involves, that the loading status ought to be emulated relating 
to the throughput. The following paragraph deals with the set up of the throughput-related loading, 
followed by the discussion of exemplified field trial results as well as the model concept being used. 

2.1 Set up of the throughput-related model based loading 
Main components of the model based overloading system are parts of the ASUL system like the 
determining of the relative position and the loading point control. The system is being supplemented 
by throughput-related loading strategies. With a potentiometer the distance between the intake rollers 
is measured. The throughput volume is forecasted by taking the geometry of the intake channel into 
account. The trailer can be divided into several discrete volume spaces. By generating and achieving 
loading points the discrete spaces are to be filled up to the maximum load of the trailer. Regarding the 
throughput and the effective loading position a software model estimates the loading state inside the 
trailer, until it is filled at maximum rate. (cf. Figure 3) 
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Figure 3: Set up of model based overloading 

 

2.2 Bulk heap analysis 
Within the research project “model based loading of agricultural trailers” several field trials are 
divided by their main focus. Firstly, field trials are used to acquire geometric references of bulk heaps 
for the software model. Secondly, field trials have the focus of scrutinizing the software model as well 
as the loading strategies with regards to precision, efficiency and facilitation of work. At the current 
state the verification of the automated loading and the software models is still in progress, therefore 
this paper will only derive an overview of the set up of field trials, some results as well as the software 
model concept of the automated loading (cf. chapter 2.3). The results of the geometry analysis are 
given in this chapter. 

2.2.1 Parameter definition 
In this paper three main parameters and their parameter linking are analyzed. Due to the limited 
number of trials the results are not statistically firm, but the tendencies and theses could be proven. 
The analyzed parameters are: 

- the bulk heap gradient 
- the impact angle 
- the bulk heap apex shifting 

Figure 4 depicts the parameter definition. 
 

 
Figure 4: Bulk heap parameter definition 
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The bulk heap gradient is the gradient of the heap facing the basement of the trailer. The impact angle 
is the lowest angle being enclosed firstly by the trailer basement and secondly by the loading vector, 
which is described by the spout position, the trailer position and the achieved loading point. Physically 
the impact angle cannot be higher than 90° and cannot decrease down to 0°. The bulk heap apex 
shifting is the offset of the heap apex relating to the trailer basement, which means the offset between 
the loading point preset and the emerging heap apex in bird’s eye view. 

2.2.2 Results and discussion of the bulk heap analysis 
Regarding to the parameter definitions in the first approach two types of parameter linking have been 
analyzed. The decisive theses have been: 

1. The lower the impact angle, the lower the gradient. 
2. The lower the impact angle, the more the apex shifting. 

 
The following figures (Figure 5, Figure 6) depict some of the meaningful results of the grass 
harvesting period 2008 as well as the trend lines. The shown data is based on the digital replicas 
measured during field trials. The test range of the impact vector is from 32 to 71 degrees. For the 
shown gradients as well as the bulk heap apex shifting the direction of the loading vector has been 
taken into account. For the sake of completeness the trends being monitored during the maize 
harvesting period have been very similar. 
Figure  derives the data and the trend lines for the front side as well as the back side gradient in 
correlation to the impact vector. The front side denominates the gradient facing the loading vector; the 
back side gradient is averted to the crop stream. Concerning the results the proof of the first thesis 
ought to be asserted. But as the back side gradient is increasing from 12 to about 36 degrees, the 
results for the gradient of the front side of the bulk heaps do not clarify the given assertion.  
 

 
Figure 5: Bulk heap gradient versus impact vector 

 
Although the measured front side gradients indicate the increasing tendency over the tested range, the 
variation of the data is higher than the increment of the trend line. With reference to the field trials set 
up and the physical growing process of the bulk heaps in the trailer, this effect can be explained facile. 
During the growing process the loading point preset has not been changed. Therefore – without 
forestalling the results of Figure 6 – the impact point in general is on the slope of the emerging bulk 
heaps while the heaps are growing contrary to the crop stream. This involves, that on the front side of 
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the bulk heap the slope is continuously generated anew. The results meet the experience made during 
all of the field trials, where the gradient on the front side is more affected on the material than on the 
process parameters. On the side being averted to the crop stream one may presume that the gradient is 
increasing up to a saturated maximum level at about 39 degrees. 
Figure  derives the results and the trend line of the analyses concerning the second thesis. The thesis 
can be assumed to be proven. Along the tested range the apex of the bulk is decreasing from 1.3 
meters for low impact vectors down to only 20 cm for the highest impact vector of 71 degrees.  
 

 
Figure 6: Bulk heap apex shifting versus impact vector 

 

2.3 Modeling the loading process 
Modeling the form of bulk heaps via CFD and DEM techniques will not take place during the 
research. As Schulze (Schulze et al.) and Landry (Landry et al.) ascertained, the less homogeneous the 
bulk material is the more inhomogeneous is the inner friction force. Hence to that, modeling or even 
approaching the load of a trailer via DEM needs an enormous amount of computing power, which 
usually is not available on agricultural mobile machinery. A geometrical approach has been chosen. 
The all-important parameters which have to be implemented in the software model are the geometrical 
form of the bulk heaps as well as the build up behavior of the virtual load.  

2.3.1 Bulk heap model concept 
The bulk heap software model concept is based on an approach using only elementary mathematical 
3D functions. These ought to be e.g. hyperboloids, cones or hyperbolic paraboloids. The main 
advantages of this approach are the inherent functions, which are all well known and easy to be 
adapted, very easy to be implemented and to be varied as well as very fast in computing time (because 
the functions are uniformly continuous). Additionally they are exceedingly qualified to be combined, 
so that relatively complex geometry (e.g. interacting bulk heaps) can be compiled. A first 
approximation includes a bipartite straight cone. Concerning the field trial results the front side of the 
bulk heap is described in a right circular cone, the averted side is depicted by an elliptic cone (cf. 
Figure 7). 
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Figure 7: Geometrical bulk heap definition using a bipartite right cone 

 

2.3.2 Loading state definition 
Besides the definition of the geometry the interaction of the actual loading state and the additional 
volume must be considered. Therefore the loading state definition contains the loading state build up, 
which means the temporal assembly of one heap as well as the interaction between several heaps. To 
deal with both aspects a general approach has been utilized. 
To define the general loading state three main parameters are to be considered: the loading vector of 
the crop stream, a predefined discrete loading volume and especially the actual loading state. The 
virtual loading space is to be filled stepwise; the step width is predefined by the size of the discrete 
loading volume (cf. Figure 8). For every step the actual loading state and the loading vector are 
analyzed; the impact coordinates are calculated; they describe the coincidence between the actual 
loading state and the impact vector. These parameters are used to estimate the center coordinates – the 
new apex - of the emerging bulk heap. Regarding to the single bulk heap geometrical model and the 
center coordinates the distribution of the discrete loading volume is computed. The distribution of the 
discrete loading volume as well as the actual loading state is processed in 2D-matrix-descriptions; both 
matrices are added and for every step the actual loading state is generated. 
 

 
Figure 8: Stepwise concept of the loading state definition 
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2.4 Loading Strategies 
Focusing the harvesting period 2009 simple loading strategies have been implemented in the ASUL 
experimental vehicle. For every trailer one virtual starting loading point is defined, firstly on the front 
or on the back side of the trailer. Based on this starting point the loading point is shifted along the 
longitudinal axis of the trailer, whereby every loading point is fixed until the model assumes that the 
loading at this discrete point has reached its maximum. Figure  depicts the principle in a sectional view 
in the longitudinal axis of the trailer. The strategy starts with the filling of the first approximated 
loading point (Figure 9, a, b) and continues by the further shifting of the loading point (Figure 9, c, d). 
 

 
Figure 9: Implemented loading strategy 

 
After the loading process is completed a laser scanner is used to merge a 3D-replica of the real loading 
distribution. This distribution is to be compared to the calculated virtual load. Actually the model is 
being validated by means of the overall derivation of the distribution of the loaded volume, the 
variance and the meridian along the loading height difference. At the current state the evaluation is 
still in progress. 

3 CONCLUSION 
An auxiliary system for loading agricultural goods in parallel process has been developed at the 
Technische Universität Braunschweig. The functionality of the auxiliary system has been confirmed in 
harvesting tests during the last five years.  
The consecutive investigation of the automation potential of the loading process implied the option of 
research on loading models to realize model based parallel loading operations. Therefore a new 
research project started in 2007 to investigate model based loading in parallel operation. During this 
project software models have been developed describing the assembly of bulk heaps under influence 
of agricultural environment. Focusing on both shape and assembly, reference measurements of bulk 
heaps have been taken in field trials. The influences of crop stream vector and bulk heap assembly 
have been analyzed varying the loading set point on the slope as well as the length of the stream. The 
development of the bulk heap models has been advanced, so that currently the geometrical model is a 
bipartite right cone, the build up process is approximated by the incremental addition of discrete 
volume sets. Actually the model based loading is scrutinized regarding to the correlation of the spatial 
model and the real distribution inside the agricultural trailers. The first results of this relatively 
generalized model approach promise a notable high analogy. 
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Considering the development of vision based loading systems in the last years (e.g. CLASS Auto Fill, 
New Holland Turmsteuerung, cf. Madsen et al., N.N.09), the vulnerability of these systems has 
become manageable. This progress has been driven by the decreasing purchase costs of the sensor 
hardware (stereo or time-of-flight camera) and the development of efficient image processing 
algorithms and increasing performance of the applied data processors. Until now the redundancy of 
neither the model based nor the vision based approach is given. One possibility to enhance the 
automated loading might be the combination of both approaches to into an integrated redundant 
control system. 
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Abstract 
The following paper describes a field test carried since 2008 to compare square planting and the 
normal sowing with silo maize under special consideration of GPS-control, the effect on yield, weed 
regularisation, as well as soil erosion and profitability. 
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1 INTRODUCTION 
In consequence with the increase in fermentation-gas-capacity and the rising costs in dairy cattle farming 
make a rise in efficiency in maize cultivation necessary. Trough the expansion of cultivation  in less 
suitable places the handicap of the maize plant in the regard of soil erosion and weed suppression can be 
seen. Beside the yield oriented fertilization, erosion protection, soil-conserving land use and chemical plant 
protection have moved in the centre of agricultural and public interest. Especially in maize cultivation the 
weed regulation is absolutely needed.  In maize cultivation especially in no-till farming and insufficient 
herbicide use extreme high loss of yield through weeds due to the weak competitive strength of the 
maize plant can be seen. In the United States yield losses from 40 % up to 80 % were documented 
(Zscheischler, 1997). In difference to grain where there is a threshold for each weed, maize should be 
weed free from the four up to the eight leaf stage.    Weeds before the four leaf stage and after the eight 
leaf stage have no economical effect.  Although the mechanical weed regulation displaced by 
herbicides in the past changing conditions have revitalized the procedure. Growing Weed resistance 
against chemicals (Dirauer, 1994), loss of license by herbicides, and growing organic production 
mechanical weed regulation will grow in importance. A main problem of the actual cultivation 
systems is the large part of uncultivated soil near the maize plants which can´t be reached by the 
mechanical hoe. 
Especially maize, next to sugar beets and potatoes, has an negative effect with erosion in less suitable 
places, because of the high distance between the rows and the slow growth of the plants. On hilly plots, the 
combination of high precipitation in the summer and thin vegetation causes a high erosion potential and 
a loss of soil and nutrients. Precipitation energy reduction, puddle erosion, rising infiltration, off-flow 
of precipitation are in dependence of the vegetation (Dikau, 1986). This idea to create cross compounds, 
makes it possible to hoe in two different directions: in the machine direction and also in a cross direction 
and consequently the weed free space is raised from about 66% up to 90% (Auernhammer et al., 2007; Götz, 
2008). An additional effect is a higher soil protection caused by reduced row distances. The technical 
solution for cross sowing is established by high precision GPS. The significance of GPS applications 
in agriculture are steadily raising. At this point I would like to refer to yield mapping, fertilization and 
tracking.     
The corn sowing needs highest precision which can only be realized with Real Time Kinematic-
Systems. The reduction of row distance in favor of a larger distance between plants in a row optimizes 
the arrangement of the maize plants. As a consequence the plants overgrow the distance between the 
rows earlier which means a better soil protection.    
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2 MATERIAL AND METHODS 
The point of the investigation is to become a quality and quantity statement about the GPS assisted 
sowing taken with simultaneous consideration of weed management and soil protection. Focus of the 
scientific experiment is a precise pneumatic seeding machine for single seed, that is equipped with an 
electric drive for each seeding aggregate (sow disc). This in combination with a high accurate RTK-
DGPS enables the process computer to establish rows in the trace-covering synchronisation of the seed 
deposit, as a condition of hoeing crosswise to the sowing direction. 
The seeder is also able to sow with 37.5 cm and 75 cm distance, so that machine linked differences can 
be eliminated.  
 
 

 
 

 
First step for the cross compound is sowing one track in a straight lane as basic for the following 
tracks which should be parallel. The maize deposition points are recorded with coordinates to deposit 
all following seeds parallel to the basic row. For that purpose the process computer checks the 
predetermined deposit points against the momentary position of the sowing disc and influences the 
speed of the sowing disc. To establish the triangular pattern every second disc is offset by half of 
sowing distance.  The experimental setup is divided into a testbed and a field test.  
In according with the official DLG-test setup the precision of seed deposit is determined by lateral and 
longitudinal  distribution as a quality indication of the test seeder. 
Longitudinal distribution means the equal distribution of the seed in one row. The lateral distribution 
in contrast characterises the constancy between each seeding aggregate.   For both characteristics a 
photoelectric relay at the sow wheel is used, which detects the time interval between too corns.  
Through computing the time interval with the theoretical driving speed the distance between the corns 
in a row and between the rows can be determined. The lateral distribution is influenced by driving 
speed, slope, fill level of the seed aggregate and type of seed. Therefore these factors must be 
examined in the testbed.    The test results must be verified by the field test.  
The influence on yield and environmental impact of the different seeding geometries should be 
established in the field test. An additional factor of the test is the quality of the soil so that the trial is 
established on too different plots. The test surface is at 290 m above sea level in Neu-Anspach, 
Germany (longitude 8.515  /  E 8° 30' 54'', latitude 50.29  /  N 50° 17' 24'). The annual precipitation on 
average amounts to 700 mm per year. The average annual temperature lies with 7.8 º C. The trial exists 
in two variations. The experiment set-up occurs in long plots in which the variations stand in alternate 
order side by side. The average annual temperature lies by 7.8 º C. The soil analyses provided 5 
different ground types from regosol to gley-luvisol. 
The second test surface is in Freising (48° 23′ 58.2″ N, 11° 44′ 42.36″ E) at 448 m above sea level. 
The area is affected by marshy lowland and tertiary hill country. The test field includes soil textures of 
clayey sand and coarse clay. In the variation 1 the pneumatic corn planter is set on a row distance of 
75 cm and a distance of the plants in the row of 13 cm. This seeder disposes of an fertilizer drill, which 
is used in the test. Beside the variation 1 an edge plot of 9m width is also put on around the whole 
attempt. For weed regularisation a herbicide is used. In the second test variation a square plantig of 33 
cm is set up and mechanical weed regularisation is carried out. The row distance was reduced from 75 
cm to 33 cm and the impulse of the single drill unit was synchronized. The technical sowing depth was 
put in both variations on 6 cm. In variation 3 a triangular sowing pattern is used also with mechanical 
weed regularisation.  

Figure 1:  sowinggeometrie (AID, 1999) 
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The real challenge of the cross sowing exists in the trace-covering synchronisation of the seed deposit, 
as a condition of a hoeing crosswise to the sowing direction (fig. 2). Therefore, the distances between 
the plants and the rows will be measured after accrual of the maize plants. 
 

 
 
In the attempt the weed regularization 
is carried out with a rear-mounted 
toolbar with a broad duckfoot. First 
the weed population was inventoried 
at 20 places in the holding. After it 
has been hoed in the 4 and 8 leaf 
stage, the weed plants were counted 
out after each hoeing  and the 
reduction cutback was calculated.. 
The variations were managed in each 
case on approx. 2500 m² with three 
recurrences planted and in company-
customary intensity The erosion 
protection effect of the test variations 
is explored in two ways.  On the one 
hand the effect of the test variations is 
derived from the degree of the 

vegetative soil cover, hence, digital pictures are made from the holding and dominance is calculated 
with a PC. On the other hand agrology methods are used. The quantitative recording of off-flow of 
precipitation and erosion takes place on the test surface and is realized with fixed measuring points.  
The Methods complies with the works of Schmidt (1979) and Seiler (1983) in the broadest sense. The 
calculation of the harvest is carried out at square meter level, this way a thinning out of the maize 
plants through hoeing can be considered best. From each test plot 4 times 1 square metre is harvested 
by hand. The plants are first weighed and afterwards disassembled in leaf, maize-cob and stip to weigh 
each individually.  

3 RESULTS 
As the described test will start in April 2010 the results of a test conducted in 2008 which shows the 
positive effects of cross compound will be shown here. The new test differences only by the use of a 
synchronized planter.  
On average of all plots and weed kinds in the cross compound the reduction lay with 73%. The 
separate counting up in weed kinds proved no statistically secure tips to a different delicacy of the 
found types (tab.1). By increasing weed size the effectiveness of hoeing decreased.  
 

Table 1: Average weed reduction (%) of well-chosen weeds. 
 

Species Reduction 
(%) 

Species Reduction 
(%) 

Polygonum 75 sorghum 67 
goosefoot 72 Raps colza 63 
deadnettle 79 fumitory -63 
shepherd's 

purse 
65 field sow-

thistle 
67 

Stinkweed 69   
 
Furthermore the statistical evaluation shows that the significance of the weed reduction with p ≤ 0.05 
and partly clearly less , a reduction with all weeds.  

Figure 2: Treatment frequency with two crossings (changed 
to Auernhammer) 
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With a clearance distance to the cultivated plant of 3 cm the state space of the culture amounts with the 
cross compound procedure 36 cm2. With a stand density from 9 plants per square metre 324 cm2cannot 
be worked on what corresponds to 3.24%. In the reverse the portion of the worked on surface lies with 
96.76%. Table 2 shows the comparison of the worked on surfaces in the cross hoeing procedure and in 
inter-row hoeing. On average of the looked  clearance distance the portion lies with worked on 
surface in the cross compound procedure by about 4.5% higher than in the inter-row hoeing. This also 
leads to an increased effectiveness in the weed suppression in the comparing to the inter-row hoeing. 
 

Table 2. Comparison of worked cropland in the cross compound and in the inter-row hoeing. 
 

  
clearance 
distance  1 2 3 4 5 

 
worked   

99,68 98,72 97,12 94,88 92 
cropland  
(%) 

cross 
compound  

  inter-row  97,33 94,67 92 89,33 86,67 
 
 
The valuation of the cultural damage by hoeing in variant 2 proved by a sowing density of 9.5 plants 
per square meter to a cultural damage of 6.3%. The subdivision of the damage shows a damage 
interest of 35% with the hoeing in sowing direction and 65% working crosswise to the sowing 
direction. The computer-assisted evaluation of the vegetation admissions proved on the admission day 
10th of July, 2008 a covering of 40.46% in the normal sowing (± 9.02%). Taking the weed into 
account the maize in the cross compound reaches a covering of 61.83% (± 6.81%). The difference of 
the covering between normal sowing and cross compound is highly significant according to an 
ONEWAY ANOVA analysis with p ≤ 0,001. The weights of the single plant parts sheet, maize -cob 
and stip as well as the total weight of the maize plants in the cross compound (Var. 2) were to the 
comparative parts of the normal sowing (Var.1) clearly higher (p ≤ 0,005). The effect of the cultural 
procedure from the dry substance salary was not significant.  

4 CONCLUSIONS 
In tests it was proved that a level sowing, brings not only profit advantages, but also under 
environmental points of view - quicker shadowing  of the ground, better  nitrogen exploitation 
and with it lower Nmin values are to be preferred after the harvest - clearly to the other row distances. . 
The piled up appearance of plant losses of the crossing between two sowing tracks point to a too 
imprecise seed deposit. 
This inaccuracy is caused by the mechanical power and slip of the driving wheels; hence, the seeds 
deposit must occur in future with electrical power. The exactness of the plant position is depending on 
the exactness of the delivery, rolling effect of the seeds and from the straight growth of the plant. After 
evaluations of Schulz Lammers these factors cause an inaccuracy of 2 cm (Schmittmann & Schulz 
Lammers, 2008). Therefore the precision technology available today allows to place maize seeds so 
precisely without having to accept high plant losses with hoeing. The test has shown that corn sowing 
with the highest precision must be realized under high technical expenditure to be able to use a 
relatively easy procedure for weed control. On the part of the sowing technology the necessary 
conditions with RTK DGPS-steered grain filing (track to track) and a suitable design of the planter for 
exact grain filing without inadvertent rolling exist already on the market or is partly still in 
development. 
Weed regularisation plays a central role in the maize cultivation, because the competition-weak 
cultivated plant cannot exist against the natural weed flora. Both hoeing measures (4-& 8-sheet stages) 
together reached an average weed reduction from 73% and the aimed weed suppression in the 
sensitive 2-10 leaf stages of the maize plant. Relating to the found spectrum of weeds the analysis 
shows no significant difference of the hoeing in single weed types. 
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With rising vegetative ground cover by the cultivation of crops the erosion danger of the grounds is 
diminished. A protective effect already begins with more than 30% of steadily distributed plants or 
crop straw (Wischmeier & Smith, 1965). With the square planting the maize plants are distributed 
more favourably on the surface, so that a bigger surface part is covered at an earliest possible stage. In 
the normal sowing however leafs of several maize plants overlap clearly frequent and the big space 
between the rows can only be closed very late. The normal sowing reaches 2 months after the sowing a 
cover ratio of only about 10% more than recommended 30% to where the erosion decrease lies, while 
the cross association can already show the double cover ratio of the recommendation. 
The profit inquiry at square meter level has shown that the cross sowing allows to expect a higher 
yield than the normal sowing. The relative increment to the base normal sowing amounts with the total 
weight to about 24%. To field tests increased returns of 7-21% or 9% were ascertained with 
mechanical weed control (Muecke, 2007; PEYKER, 2000). Nevertheless, the single results are only 
difficult to compare, because annual influence, kinds influence and effects of the weather plays a role.   
The introduction of the cultural procedure to the practise depends beside the plant-architectural aspects 
also on the attacking costs, as well as the required working hours. The calculation of the costs shows 
that the narrow sowing of maize is for the example surfaces of one to twenty hectare plot sizes on 
average about 17.50€ / ha more expensive than the conventional sowing. Considered beside the costs 
per crossing (12 – 26€ / ha) also the costs for the herbicide of about 81€ / ha, so the total expenses lie 
between 92.67€ / ha and 106.69€ / ha. By application of a hoe the costs per crossing lie clearly higher 
than with the pesticide sprayer, nevertheless, the costs for herbicides are cancelled. If one settles the 
higher costs of the crossing with the saving of the herbicide, it appears that the mechanical variation 
from a plot size of 5 hectares precipitates more favorably than the chemical alternative. 
Furthermore the calculations show that the required working hours for the hoeing application lie on all 
examined plot dimensions with one to three hours clearly about the lead time of the chemical sprayer. 
Also in comparison to the normal inter-row hoeing the cross hoeing lies about around the factor two 
higher in the working time requirement, conditioned by two working directions. The working time 
requirement could be lowered by a temporal pawning of both crossings in different directions in 
possibly on that of the inter-row hoeing. At the same time the effectiveness of the weed regularization 
increases, because the multiple-worked on area (fig.2) is worked on not in the distance less hours, but 
in the distance several day, so that afterwards germinating weeds are grasped with the second crossing. 
The settlement of the increment with the add-on costs of the cross compound shows for the examined 
plot dimensions of one to five hectares a necessary increment by cross compound in the scale from 
two to six percent to receive a positive gross margin. Already from about 4 ha the costs of the cross 
compound  lie lower than with the chemical protection of plants, indeed, the increased demand is 
always to be considered in working hours. 
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Abstract 
In this article the idea of creating cross compounds, an important support for mechanical weeding with 
higher efficiency, is described. With cross compound over 90 % of the space of a field can be held 
without weeds.  
Therefore a conventional precise sowing machine is equipped with a steering system consisting of a 
stepping motor and a positioning system. The different technical factors of precision are descript and 
analysed. The technical success of the new equipment is pointed out.  
 
 
Keywords 
Precision farming, sugar beet, mechanical weed control, position-steered seed deposition, rectangular 
formation of plants  
 

1 INTRODUCTION 
Weed regulation is a mayor expense factor inside agricultural crop production. As it admits only slight 
compromises concerning yield and quality it is arranged by herbicides mainly. Producers of these 
chemicals need to develop new products, provide readmission of existing agents and will take 
herbicides out of the market in the case low sales. Environment related aspects, like ground water 
contamination caused by not proper application of pesticides and limitations on applying pesticides in 
cultivation of bio-crops give preference to weed control alternatives. 
Mechanical hoeing has lost importance because weed control by herbicides has been much more 
effective. Weak points of mechanical weed control are the higher costs low capacity (less operation 
width and lower velocity) and low effectiveness, because hoeing can be applied only between the rows 
and not within the rows. For sugar beets with a row distance of 45 cm this means, by consideration of 
a necessary protection area, only 2/3 of the field can be held free of weed. Therefore the advantages of 
hoeing play a subordinated role. To enhance machine hoeing it is proposed to create cross compounds, 
allowing hoe operation in two directions: in machine travelling direction and also in cross direction, 
which consequently raises the weed free area up to 90%. The technical challenge is to sow the seeds 
parallel to each other in a way that makes possible to use a conventional hoeing machine 
[SCHMITTMANN, 2004 and 2008].  

2 CONCEPTION 
An electronic precise steering mechanism was integrated in a conventional precise seeding machine 
for single seeding. Each seeding unit (sow disc) was adjustable independently.  
Besides, the theoretical position of the next seed deposition (the angle of the sow disc) and the desired 
position in dependence of the neighbouring row had to be determined. With the difference of both 
positions the relevant angular speed depending on the driving speed was calculated. The following 
steps are necessary to create cross compounds (figure 1): 
 
 

This paper has been accepted as a „peer reviewed paper” by the scientific committee 
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1. Sowing of one track in a straight lane as reference for the subsequent tracks which should be 
parallel. The reference track should not be on the field edge, but rather without steering 
movement. For this purpose every unit has to sow parallel in the desired distance. The 
deposition points are recorded with coordinates. 

2. An application map with three dimensions has to be set up including each calculated desired 
plant position. 

3. After sowing the first track the machine turns at the headland and proceed parallel to the first 
track. The sowing discs have to be justified in a way that they depose the seeds at the desired 
places. 

4. During driving, a comparison of the real and the desired deposition for each unit is necessary. 
If there is any difference the sowing disc velocity is be raised or reduced automatically. 
 
 

 
Figure 1: Concept of creating cross compounds 

 
The described concept assumes optimal terms with right angled and flat fields. In other cases tracks 
end acute angled. The sowing discs must be stopped individual or the seeds which are out of the track 
should be eliminated by hoeing. The fact that the first track is in the middle of the field caused that 
four border tracks exists.  
On uneven fields the neighbouring tracks only seems to have the equal length, but the transverse tracks 
for hoeing are sinuous. This case should be considered in the application map. Depending on the 
hoeing machine width each 6th, 12th or 18th row a distance correction has to be done. 
 

3  REQUIREMENTS 
With the cultivation of sugar beets a continuance density is aimed at about 100,000 plants per hectare. 
This is equivalent to distances of about 20 x 45 cm or to the desired cross compounds with 30 x 30 cm 
up to 35 x 35 cm. To some extend lower plant densities are equalised by higher single beet masses. As 
a consequence the optimal plant distance can be chosen regarding the hoeing technique or tools and 
the tractor wheel dimension. A mayor consideration must be to avoid damage of plants. 
The accuracy of the plant position is influenced by the deposition error, which is affected by the 
rolling effect of the pills and the erectile growth. The desired accuracy of the sum of these factors is 2 
cm.  
The driving velocity should be in a range of 1 to 3 m/s. The dynamic of the sowing disc and the 
control unit depends on the tractors increasing in velocity and the expected differences of the 
deposition points. Including a protection margin it should be possible to change the seeding distance  
quickly or each deposition. 
Beside this feature the operation demands are important. The machine should work without 
malfunction and with low-maintenance. A double load of a sowing disc cell may not cause trouble. 
The integration of the steering unit should be possible without mayor modification and must work under 
field conditions. 
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4 CONSTRUCTION AND DEVELOPENT 
The project contains four tasks: 

1. Construction and testing of the precise steering unit 
2. Determination of the position in real time 
3. Evaluation and optimisation of sowing quality  
4. Practical use and efficiency of mechanical weeding specially for cross compounds 

 

1. Construction and testing of the precise steering unit 

The mechanical chain drive of an Accord Monopill S was replaced by a toothed belt. Behind the seed 
tank a stepping motor was placed and actuated the sowing disc with a transmission ratio of 4:1. The 
steering function was managed by an impulse generator. One motor step caused 1/400 rotation of the 
disc and the distance between two seed deposition were 800 motor steps. For the practical use every 
3.75 mm an impulse should be generated if a plant distance of 30 cm is desired.  
An encoder was installed at the belt for determination of slip, This slip is caused by loosing motor steps 
due to short-time overcharge like high acceleration. A microcontroller was employed to adjust the slip 
by comparison of stearing impulses and performed motor steps.Parallel to the sowing disc a second 
disc with a hole parallel to each cell was installed. Thus  by a light-barrier each seed release and 
indirectly each position was be determined.  
 

2. Determination of the position in real time 

If high accuracy of position is requested, a sensor system containing DGPS assisted by other sensors is 
necessary. A RTK-DGPS on the seeding machine with a reference station next to the field on a well 
known geodetic position and an additional optical distance and speed sensor was  used. The measured 
values were integrated in a Kalman filter (SCHÖLDERLE, 2008) to calculate the precise coordinates in 
real-time. 
The turning procedure on headland caused problems. The applied distance sensor did  not work on low 
speed and  – in the other cases – the direction was lost. Stand alone of DGPS did not comply with the 
desired accuracy and the signals were influenced by shadowing effects when connection to satellites 
was missing. 
 

3. Evaluation and optimisation of sowing quality  

The evaluation of the deposition of sowing unit happened by applying the Bonner sowing machine 
testing equipment in laboratory. With this standardised method (Heier, 1999) the coefficient of 
variance for the accuracy of seed placing can be determined and compared with the quality of other 
machines.  
The trajectory (3D) of sugar beet pills while dropping from the sawing disc was recorded by a high 
speed camera and analysed by image processing. The relation of sowing disc speed and seeding quality 
in regard of sowing quality can be described with this method and is an useful tool for optimisation of 
the sowing process. 
Apart from deposition errors due to differences in trajectories the rolling effect of the seed pills can 
only be analysed in soil. Therefore one sowing unit was tested in a soil bin and the rolling 
displacements were determined by a high speed camera as well. .  
 
The erectile growing of the sugar beet seedlings was analysed in pots with different soil conditions. 
 
The interface between positioning and steering was tested in laboratory. Field experiments were 
employed to determine the precise plant position after germination and appearance with a tachymeter.  
 

4. Practical use and efficiency of mechanical weeding for cross compounds 

Finally, the focus of the project was on agricultural and phytosanitary effects. The influence on 
weed population and sugar beet yield and quality were considered as  parameters.  
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5 INVESTIGATION OF PRECISION 
Precision of coordinate actuated sowing contains three major aspects which have to be analysed 
(figure 2):  
The accuracy of deposition implicates the actuation respectively the drive of the sowing disc which 
can be affected by slippage. This item is mainly influenced by the precise seeder. The quality of cell 
filling implicates no, single or double filling. The quality of seed deposition is influenced by variation 
of the dropping point (cell-pill) and the dropping trajectory. 
The accuracy of field appearance contains pill rolling effects after the deposition and the erectophil 
growth. Both are influenced by the soil structure.  
Coordinate actuated sowing is based on a high quality of determination of position. Consequently, the 
position of the sowing disc and the coordinates of the machine should be determined continuously. 
 

Precision of coordinate-actuated sowing

Accuracy of deposition Accuracy of positioningAccuracy of field appearance

Cell filling Seed deposition Pill rolling Erektophil growthActuation

Variation of
dropping point
and dropping
parabola

Slippage Zero and multiple
filling

Soil structur and
kinetical energie
of the pill

Soil crumbling
and disturbing
factors

Sow disc
position

Machine
coordinates

 
Figure 2: Precision of coordinate-actuated sowing 

 
a) Variation of seed deposition 

 
The variation of the deposition distances is the outstanding criteria to evaluate precise seeders. 
As statistical parameter the coefficient of variation (CV) was used [HEIER, 1999]. 

 
Figure 3: Influence of driving velocity on seed deposition 

 
The coefficient of variation is determined for different theoretical speeds between 0.5 and 4.5 
m s-1(figure 3). The highest quality (lowest CV) is obtained for a speed of 1.5 m s-1. According 
to trials, the reason is, that the filling process of the cells is less reliable on low operation 
speed/ disc rotation because double fillings occur. On higher speed the CV is better because 
the variation of the pill trajectories are extended. 
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The advancement of the developed drive system on regard of the conventional type, is 
described in figure 4. The comparison is made for a speed of 3 km h-1 and a  spacing of 20 cm. 
In contrast to the conventional system the new system creates no double depositions, no 
missing depositions and about 95 % of all depositions vary less than 1 cm. The accuracy of 
deposition of the new system is 97,5 in comparison to the old one 91,1 [THELEN, 1992]. 

 

 
Figure 4: Comparison of conventional and precise sowing units 

 
b) Determination of slippage 

The steering system contains every part between signal input and the drop of a pill out of the disc. 
Slip is critical because needs to be determined and adjusted immediately. 
By a transmission ratio of 4:1 the theoretical frequency of impulses for different driving velocities 
is generated. Each theoretical pill release is recognised by a light barrier next to the disc cell where 
the seed drop happens. The theoretical distance between each deposition constitutes 30 cm. The 
motor rotation frequency is calculated for theoretical driving speeds between 0.5 and 2.5 m/s. In 
figure 4 the results of this trial are outlined.  
The regression curve is identical to the former calculated relation (one sowing disc rotation 
accords to four engine rotations) and the coefficient of determination is 1.0. Thus it was not 
possible to prove slip.  
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Figure 5: Determination of slippage 

 
c) Deposition trajectory 

The deposition is similar to horizontal throw. Consequently a higher object speed (kinetic 
energy) causes a higher throw width. While this width can be calculated and adjusted, 
precision is influenced by the dimension of scattering. In a laborartory  trial the scatter was 
analysed, Therefore a precise seeder was put on a test bench and driven by an electrical 
engine.    By use of a high speed camera, installed  lateral to the trajectory, and image 
processing software [DAMEROW et al., 2008] the throw width was determined. 
The correlation between speed and throw width increased linear (width = 1,915 speed + 0,666; 
R² = 0,999).  

 
Figure 6: The influence of different driving speeds (v) in regard to deposition width (ø) and 
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The accuracy of deposition (figure 6) has a lower coefficient of variation as compared to the 
common mechanical machine. The dynamical behaviour of the adjustment of the sowing disc 
cause no problems and no malfunctions appear because of double load of sowing cells. 
The positioning works with accuracies under 2 cm in real time. However the determination of 
starting coordinates after the turning process is not solved so far. 

 
While the accuracy of deposition depends on technical effects, the accuracy of field appearance is 
influenced by biotic effects and soil conditions. 
  

d) Pill rolling effect 

The distance between the location the pill strikes on the soil and lies still was measured with a 
high speed camera. To determine only rolling effects the driving speed corresponded with the 
circumferential speed of the sowing disc (zero-deposition). Depending on soil structure and 
soil water content the displacement caused by rolling of the seeds varied in average mean less 
than 0.5 cm.  . 
 

e) Vertical growth 

In a laboratory trial the erectophil growth of seedlings was tested under different conditions 
(soil density, water content and texture). In all cases the seedling growth was vertical only the 
growth speed differed. 
 

6 CONCLUSIONS 
The developed steering and drive system was tested with standardized methods under laboratory 
conditions. The essential criteria for evaluation was the precision of deposition.  
The results showed, that without modifications the accuracy can be raised from about 91% to  97.5% 
(theoretical sowing speed: 2 ms-1), which means over 97% of the pills are placed +/- 1.5 cm around the 
target position. The best results could be abtained for a sowing speed of 1.5 ms-1. Up to 0.5 cm accrues 
from rolling effect under condition of zero-deposition. 
Under the precondition of a proper soil preparation, the growth direction is absolutely vertical and has 
no influence in regard of the precision of field appearance.   
To make a statement about the quality of the sowing machine the precision of positioning has to be 
considered. Doubtless RTK-GPS without additional sensors is not good enough to built up cross 
compounds, because the accuracy has to be about +/- 1 cm or better. 
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Abstract 
In precision farming the replacement of the use of herbicides for weed control in the intra-row areas is 
one sphere of research. One project is the DFG-project ‘Position steered seed deposition for the 
generation of longitudinal and lateral rows in sugar beet cultivation’. The aim is to enable longitudinal 
and lateral drives of a tractor with a conventional mechanical hoe. For that a rectangular seed 
formation must be generated (spacing in a row and between the rows: for example 30 cm). 
 
To guarantee a high rate of weeding and at the same time an economic acceptable rate of plant loss by 
damage, violence and spillage, a standard deviation of 2 cm (plant position in the formation, plant 
space) is required. Due to biological variations and roll-effects in the furrow, the standard deviation of 
the seed deposition position is determined by 1 cm. 
 
Since no single sensor can guarantee that accuracy over the whole time of seeding and the whole area, 
a multi sensor system must be used. That consists of a RTK-GPS-receiver, a velocity sensor and a yaw 
rate sensor. For the estimation of position and velocity (basis of the steering information for a 
precision seeder) a Kalman filter is used, thus additionally to the observations the inertia of the 
machine can be considered for a smoother estimation of position and velocity. 
 
In contrast to the longitudinal drive (constant velocity), the turnaround-manoeuvres consist of more 
complex structures of movement (changing driving direction, acceleration, braking). For this reason, 
the determination of the machine inertia is more difficult. Therefore the main focus of the article is on 
the kinematics of the turnaround. 
 
Keywords 
Precision Farming, Turnaround, Kalman filter, GPS 
 

1 INTRODUCTION 
Because of economical and ecological reasons, an increasing number of plants which are resistant 
to herbicides, a decreasing number of approved substances and a changed behaviour of customers 
alternatives to the use of chemical pesticides for weed control are one topic in agricultural 
research (e.g. RUCKELSHAUSEN et al. 2004, GERHARDS 2005). One project with the aim of finding 
alternatives to the use of herbicides is the DFG-project ‘Position steered seed deposition for the 
generation of longitudinal and lateral rows in sugar beet cultivation’ (DFG: German Research 
Foundation). 
 
In case of sugarbeets the use of herbicides can be reduced considerably by mechanical hoeing. 
Therefore a precise seeding of the seed pills in a rectangular formation is necessary. The position of 
the seed machine has to be determined with a standard deviation (σ) of around σ = 1 cm (KUHLMANN 
and SIEMES, 2007). In order to reach this accuracy, various sensors are combined by using a Kalman 
filter, which considers the dynamics of the machine. The quality of the filter approach depends among 
others on the correctness of the dynamic model. Concerning the seed process the dynamic behaviour is 
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especially complex in case of the turnaround at the end of each row. Within this paper the dynamic 
model of the keyhole and of the Fishtail-Turnaround will be analysed. Based on these results a Kalman 
filter can be implemented. The quality of the filter respectively the quality of resulting positions can be 
estimated by a simulation. 

2 GENERATION OF RECTANGULAR SUGAR BEET FORMATION 
In the 1950s and 1960s the use of a mechanical hoe was substituted by the use of new and 
effective herbicides (CAVALIERI et al., 2001). The reason was that mechanical weed control by 
conventional hoes was only possible in longitudinal rows. For lateral rows hand-hoes had to be 
used (MELANDER, 2006). The use of a mechanical hoe is possible if the single plants can be 
arranged in a rectangular formation (Fig. 1). 
 

 
Fig. 1: Rectangular plant formation for the use of a mechanical hoe. 

 
The task of generating a rectangular plant formation can be divided into the precise seeding within one 
direction (constant spacing of the seed corns in seeding direction) and the correct alignment of 
consecutive drives (Fig. 2). The guidance of the tractor across to the driving direction can be realized 
by the driver with the sufficient accuracy. The compliance of the limit values in driving direction is the 
aim of this paper. 
 

    
 

Fig. 2: Problem of precise alignement of different drives. 
     
To reach an economically acceptable rate of plant-damage and an effective rate of weed control, the 
following requirements of accuracy of the plant position result (SCHÖLDERLE et al. 2008): 
- 2 cm standard deviation of the determined plant-to-plant distance 
- 2 cm standard deviation of the determined plant position at the seed pattern 
Because of effects like roll-effects in the furrow (ULBRICH, 1998) (SCHMITZ, 2001) or biological 
variations of the plants, the positioning accuracy has to be σ = 1cm or better. 
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3 KALMAN FILTER FOR SINGLE PLANT APPLICATIONS 
For an optimal estimation of the state of a driving vehicle, here a tractor with a mounted precision 
seeder, a Kalman filter approach is often used for the following reasons (EICHHORN, 2005): 
-  Real time calculation of the position 
- Prediction of the state of the system  
- The kinematic model of the vehicle movement can be used to stabilize the measurements. 
-  The deviations of measurement data can be estimated. 
- A variable weighting of measurements of different sensors is possible. 

3.1 General Concept of a Kalman-Filter 
Using a known kinematic behaviour of a moving object, the raw measurements can be smoothed and 
corrected by a filter approach, thus the determined movement is more similar to the real movement of 
a vehicle. One main task implementing an optimal Kalman filter is to describe the kinematic behaviour 
correctly (Fig. 3). The better the system can be described physically the better are the predictions and 
the determined positions. 
 

 
Fig. 3: Parametric Identification by Kalman-filtering (according to HEUNECKE 1995). 

 
For the task 'longitudinal drive' the seeding process can be modelled by a straight drive with 
unchanging velocity. This model is verified in KUHLMANN and SIEMES (2007). The required accuracy 
of σ=1cm can be realized by using a multi-sensor system, which consists of a RTK-GPS-receiver, a 
non-contact optical correlation velocity sensor, a low-cost yaw-rate sensor and an adjusted Kalman 
filter approach which combines the different sensors with the knowledge about the kinematic 
behaviour of the vehicle (KUHLMANN and SIEMES, 2007). In order to reach this accuracy in the case of 
the turnaround, an extension of the Kalman Filter is necessary. The analysis of the turnaround is the 
main topic of this paper. 

3.2 Characteristics of a Turnaround 
In general there are two possibilities to realize the turnaround. The first one, the keyhole turnaround 
(Fig. 5), is realized by a change of the steer angle (no change of velocity necessary). The second 
possibility, the fishtail turnaround (Fig. 7), is more complex because besides of the changed steer angle 
the following events occur: 
- Change of velocity 
- Stop of the machine 
- Change of the driving direction 
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4 EMPIRICAL INVESTIGATION OF THE TURNAROUNDS 
In order to find out the system properties (velocity, direction, acceleration) of the tractor with a 
mounted precision seeder several test drives (keyhole and fishtail turnarounds) were done on a test 
site. Whereas in case of the precise seeding GPS is used in combination with other sensors, for the 
here presented tests an Inertial Navigation System (INS, Fig. 4) was used in combination with an 
optical velocity sensor (CorreVit L400).  
 

 
Fig. 4: Inertial Navigation System (IMAR iNAV-FJI) mounted on the tractor. 

 
This sensor combination has the advantage that the measurement noise is less than with e.g. GPS. The 
turnarounds usually do not take more than 30 seconds, thus the drift of the INS can be neglected, if the 
aim of a test drive is to find the typical characteristics of the system properties. This becomes clear 
when considering that the deviations between several test drives are much larger than the measurement 
deviation. 
 
One of several keyhole turnaround test drives is visualized in Fig. 5. The widening at the beginning of 
the turnaround, which is often used to reduce the space requirement, does not exist in this case, thus 
perhaps additional test drives are necessary. 

 
Fig. 5: Reference track of a Keyhole-Turnaround (note the different axis scales) 
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The corresponding measurements (Fig. 6) show that the acceleration is nearly zero (IMAR: 
measurements of the IMAR INS, Calculated: Calculated from the estimated coordinates). This is a 
typical behaviour as other test drives confirm. The conclusion of this experiment is that the keyhole 
turnaround can be modeled by a simple combination of a constant velocity and a changed steering 
angle. 

 

Fig. 6: Characteristic of Velocity, Acceleration and yaw-rate in case of a Keyhole-turnaround. 
 
In case of the Fishtail-manoeuvre (Fig. 7 and Fig. 8) there is a combination of changing velocity and 
direction. At points A and B the velocity is zero. In addition, at these points there is a change of the 
driving direction. Whereas in point A the tractor does not move for nearly one second, at point B the 
change of the direction was so fast, that it is only recognizable because of the changed sign of the 
velocity (or the state of the reverse light). 

 
Fig. 7: Reference track of a Fishtail-Turnaround (note the different axis scales) 
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Fig. 8: Typical Characteristic of Velocity, Acceleration and yaw-rate in case of a Fishtail-turnaround. 

 
The design of the system equation is very complex in this case, because a lot of different states occur. 
Only the order of the manoeuvres seems to be fix. Using the INS it is possible to get a reference 
solution. Based on these results an extended Kalman filter was designed. The following model is used 
for the keyhole- and the fishtail-turnaround (EICHHORN 2005). 
 

 

 
 
In this equation k is the index of the epoch, v the velocity, ∆t the time between two measurements, α 
the orientation and ∆α the yaw rate multiplied with ∆t. First tests show that this model can be used for 
both types of the turnaround, despite the fact that in the case of the fishtail -turnaround the velocity 
varies whereas in the case of the keyhole-turnaround the velocity is constant. A description of the 
acceleration within the Kalman filter is probably not necessary. 

5 SIMULATION 
In order to validate the filter algorithm a simulation was done. The process is visualized in Fig. 9. In a 
first step test drives were done in order to get a reference trajectory of the turnaround manoeuvre (step 
2, described in chapter 4). The third step is the calculation of a simulated data set. For this purpose 
error free observation data (GPS-RTK coordinates, velocity and yaw rate-observations) were deduced 
from the known reference trajectories (Fig. 5 and Fig. 7). The uncertainties in case of real 
measurements can be taken into account approximately by adding a noise (step 4). For the simulation 
of GPS-coordinates a white noise (σ = 2cm) was used. On the one hand the assumption of white noise 
leads to an optimistic estimation, because e.g. the correlations between the observations will not be 
considered (LI and KUHLMANN 2008). On the other hand first tests concerning the stochastic model of 
GPS-RTK show that the maximum occurring deviations are generally smaller than expected in case of 
a standard deviation of σ= 2cm (horizontal component). 



 219 

 
 

Fig. 9: Validation of the filter algorithm by a simulation method. 
 
 
Besides GPS data, simulated yaw rate (σ=0.6°/s, manufacturer information: s=0.3°/s) and the velocity 
(σ=1mm, for the derived distance) observations were calculated from the reference trajectory. Because 
the CorreVit sensor (optical velocity sensor) works only correct, when the velocity is more than 
0.5m/s, the CorreVit measurements were not used in case of a slower movement speed. In a last step 
the Kalman filter is used to calculate the test trajectory. The differences between the reference 
trajectory and the calculated coordinates describe the accuracy of the system (multi-sensor system plus 
filter impact), whereby the results strongly depend on the applied stochastic model of the 
measurements. 
 
The results of two examples are presented in Fig. 10 and Fig. 11. Visualized are the differences 
between the simulated positions and the reference solution in driving direction (the across deviations 
are not important in this context, see chapter 2). Both figures are very similar, whereby the results of 
the keyhole-turnaround are slightly better. Typical for all test drives is that the deviations during the 
turnarounds (time span between the marker 1 and 2, vertical lines in Fig. 10 and Fig. 11, corresponds 
the marker in Fig. 5 and Fig. 7) are more than twice as large as on the straight parts. The standard 
deviation on the straight part behind the turnaround is about σ=10mm. 
 
Because the seed process is generally interrupted during the turnaround, the lower accuracy does not 
lead to significant limitations in practice. Both tests show that the required accuracy can be achieved. 
The high accuracy in driving direction is inter alia the result of the high inertia of the tractor in driving 
direction which is considered in the Kalman filter. 
 
Nevertheless the filter has to be optimized and the choice of the sensors has to be reconsidered. 
Especially the CorrVit sensor, which does not work correctly in case of low velocities (< 0.5m/s) 
should be exchanged. The orientation could perhaps calculated more precisely by adding an additional 
GPS antenna (ELING et al. 2010). 
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Fig. 10: Simulation deviations of a GPS-CorrVit-Solution in case of a keyhole-turnaround. 

 
Fig. 11: Simulation deviations of a GPS-CorrVit-Solution in case of a Fishtail-turnaround. 
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6 CONCLUSIONS 
The reached accuracy fulfills the requirements. But it has to be taken into account that the results 
strongly depend on the applied stochastic model of the measurements. If the used stochastic model is 
very different to the reality, the results of the simulation are not suitable to validate the presented 
approach. A result of an imprecise positioning in case of the turnaround would be that after the 
turnarounds it takes too much time till the estimated position converges to the reference solution. In 
practice this means that the first seed rows are not in line, thus, when using a mechanical hoe, a 
damage of the plants could not be precluded. So it is necessary to reduce the deviations by using more 
suitable sensors or by further filter optimisations. But altogether the results look promising, thus first 
real seeding tests will be done next spring. 
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Abstract 
In tunnels excavated by drill and blast or by partial face extraction machines where roof support by 
rock bolts is required, a systematic pattern is normally chosen according to the criteria specified by 
rock mechanic specialists.  Where the profile of the tunnel is smooth this regular pattern can provide 
suitable support.  Positioning of the drill carriage can be achieved by either the manual marking up of 
the entry points (which usually requires a surveyor to work in the unsupported face area) or 
automatically when the bolter is fitted with the appropriate VMT Bolter system. 
However when the profile is irregular; be it either through over break, geology or profile and 
alignment requirements, just providing a regular spaced entry point for the rockbolt to be installed may 
not be sufficient to give adequate roof support. 
In mining where the excavation typically follows the ore body, rockbolt positioning is based on 
theoretical calculations and assumes that all the bolts will be installed correctly.  This is not always the 
case particularly when the surface conditions of the area to be bolted are irregular or curved in 3 
dimensions. 
In the concept of the self supporting arch, each adjacent bolt sets up a (Boussinesq) or double ended 
cone of compression in the rock, where these pressure cones overlap a “ring of compressed and 
strengthened rock” is formed.  It is therefore logical that position and degree of overlap and not just 
the entry position for the drill carriage is the critical factor. This is addressed with VMT’s relative 
bolting placement system as described in the following paper.  
 
Keywords 
Bolter Positioning, Rock Support, Ring of compressed and strengthened rock, Intelligent positioning, 
increased safety. 
 

1 INTRODUCTION 
The pattern of rockbolts is defined by rock mechanics specialists and is typically on a rectangular grid 
with a spacing of 1m, 1.25m or 1.5m.  When horizontal beds are mined and the rock bolts are inserted 
vertically then the spacing between the drill entry point on the surface of the rock and the final 
overdrill of the hole is also vertical.  When the support is on a driveway with a regular curved profile 
the bolthole is perpendicular to the surface meaning that the distance of the tip of the hole is greater 
than at the base of the hole, in a fan like formation. 
 
Today the VMT bolter guidance system as used in highway tunnels caters for these situations and 
gives the machine operator a clearly defined position and orientation of where to drill the next hole for 
inserting a rockbolt. 
 
It is for the irregular profiles in the mining situation where the relative bolting system overcomes some 
of the problems associated with traditional rockbolt placement. 

1.1 Development of relative bolter positioning. 
In mining where excavation is by drill and blast it is normally impractical to install an absolute 
measurement system to precisely monitor the drill carriage position.  The effect of the explosion being 
detrimental to either the instrumentation itself or to the mounting position where the instrumentation is 



 226 

located.  Removal of the instrumentation prior to each blast and its reinstallation before the next 
bolting sequence would not be a cost effective solution. 

1.1.1 Relative Positioning 
Initial positioning of the bolter body for relative bolt positioning can be achieved in either of 2 ways. 
 
It is proposed that the start of a bolting cycle would commence from the last rows of installed bolts.  In 
its simplest form the bolting machine would be positioned perpendicular to the last rows this could be 
achieved by having a fan laser (or two or more pointing lasers) mounted on the machine body, project 
a beam(s) onto the tunnel wall (Figure 1).  The machine operator would then manoeuvre the machine 
until the beam coincides with an installed row of bolts (Figure 2).  The machine can then be stelled and 
the inclination of the machine body adjusted according to the inbuilt inclinometer.  The Machine 
operator would then position the drill carriage on one of the last row of installed bolts to index his 
position.  The boom can then be advanced and rotated by the specific amount specified by the rock 
mechanics and the necessary holes drilled (Figure 3).  These movements will be monitored by sensors 
mounted on all of the moveable parts of the boom and drill carriage.  Using these extensions enable 
the local coordinates of the drill carriage entry point and it inclination and orientation to be 
determined.  This data can then be stored in the programme memory. 
 

 
Figure 1: Positioning of the Machine body by Orientation on the Existing Bolt pattern 

 
Figure 2: Positioning of the Machine body by Orientation on the Existing Bolt pattern and levelling the 
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Figure 3: Positioning of the Machine body by Orientation on the Existing Bolt pattern 
 
A simple display arrangement can be given to the machine operator to guide him in the positioning of 
the drill carriage as shown in Figure 4. 
 

 
Figure 4: Indicator for Machine Operator 

 
When positioning the drill carriage a secondary display would then show the machine operator the 
proximity on the hole about to be drilled in relation to the adjacent drill hole.  This display would be a 
simple 2D view of the “theoretical” overlapping (Boussinesq) or double ended cone of compression 
(Figure 5.) 
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Figure 5: New Anchor position by visual and calculated overlap. 
 
The typical development view (Figure 6) of this systematic positioning showing the degree of overlap 
on a rectangular grid, on a regular surface would look like the following diagram when viewed from 
above, however it does not give a complete picture of what is happening within the rock. 
 

 
Figure 6: Degree of overlap on a rectangular grid 

1.1.2 Intelligent positioning 
There is also another factor to take into account when determining the effectiveness of working with a 
relative positioning system on an overlapping rectangular grid.  This is due the kinematics of some 
bolting machines where the boom for the drill carriage and bolting head are not mounted along the 
central machine axis there are likely to be positions where the hole cannot be drilled perpendicular to 
the tunnel wall.  When the boom is mounted to the right of the machine centreline this is typically in 
the lower right-hand side of the tunnel wall.  As the drill carriage moves from this location to it is able 
to become closer to the perpendicular.  Once this point is reached all the remaining bolts in the 
sequence can be installed perpendicular to the tunnel wall in the direction of the advance. 
  
If we now look more closely to what is actually happening in the mining situation we see that, first of 
all, the initial paint indicator positions are not always the precise location where the bolter operator 
makes the drill hole. This may be for a variety of reasons such as the angle of the surface may not be 
compatible with face plate of rockbolt anchor head and so the operator moves the entry point position 
to a more suitable position, or the perspective view is such that he is unable to clearly place the drill 
head on the marked position.  There is also the situation where on the curved part of the profile the 
spacing between the entry points of the bolt holes is reduced and the position and orientation of the 
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drill hole is estimated.  In areas where the ore body follows an irregular alignment and may have 
weaker geology in the interface between ore and waste material, irregular overbreak often occurs 
which may require the machine operator to install the rockbolt in a difficult to access location.  It will 
typically be in this location of disconformity that the maximum support will be required.  From the 
standard regular positioning of rockbolts the correct amount of support will be very difficult to 
determine and to avoid installation of insufficient support the machine operator will probably install 
extra (perhaps unnecessary rockbolts). 
 

 
Figure 7: Photo of typical rockbolt installation 

 
In the concept of the self supporting arch, each adjacent bolt sets up a (Boussinesq) or double ended 
cone of compression in the rock, where these pressure cones overlap an “arch of compressed and 
strengthened rock” is formed.  It is therefore logical that position and degree of effective overlap and 
not just the entry position for the drill carriage is the critical factor. This is addressed with VMT’s 
intelligent bolting placement system as described below. 
 
If a key bolt position is selected (say the central one in the crown of the drive) and this is used as the 
reference position for the next bolting sequence then the machine operator would move the drill 
carriage to the next row of bolt holes to be drilled.  When the values of three or more bolthole 
positions are available from the machine database then the position of the machine body can be 
triangulated by positioning the tip of the drill carriage at the 3 previously recorded rockbolts.  If this 
information is not available then an additional safety factor should be applied to the relative 
positioning of the adjacent bolt holes that use this as their reference value. 
 
The positioning of the drill carriage for the next borehole shall be made according to the pre-advised 
values given by the rock mechanics on site.  These values should be entered into the system software 
by an authorized official. 
 
If the first and reference bolt is correct and the machine operator moves the drill carriage the set 
distance to the next drill hole but does not have the inclination perpendicular to the then the effective 
overlapping of the pressure cones will not meet with the criteria specified by the rock mechanics.  This 
can be visualized in Figure 8. 
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Figure 8: Spacing correct - inclination insufficient for creation of “ring of compressed and strengthened 

rock” 
 
It is however important to consider the full three dimensional picture and as shown in Figure 9 
although there appears to be sufficient overlap in section is this is not the case in plan. 
 

   
Figure 9: Spacing correct - inclination appears sufficient in section but not in plan 

 
Figure 10 shows sufficient 3D overlap to initiate the arch of strengthened rock. 

   
Figure 10: Spacing correct plus sufficient overlap for creation of “ring of compressed and strengthened 

rock”. 
 
When the position or orientation is not within the prescribed limits then a suitable warning indication 
is given and the machine operator has to adjust either the position of the entry point of the drill 
carriage its orientation until both values indicate that they are within the required limits. 
Now that each rockbolt is positioned in relation to its neighbours with regard to its effectiveness as 
opposed to just its position a more effective pattern can be established passed on a triangular pattern 
rather than a rectangular one.  This should produce a more effective use of rockbolts when negotiating 
horizontal curves. 
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Figure 11: More effective placement on triangular grid 

 

  
Figure 12: 3D visualization of intelligent bolt placement 

2 CONCLUSIONS 
In this paper, we have seen how a relative bolting system can improve both the accuracy and safety in 
the positioning of installation of rockbolts in the mining situation.  We can also see how by adding 
intelligence to the system we can position the drilling of the boltholes in order to achieve the optimum 
support for a given situation. 
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Abstract 
The research project EPOS (Efficient process design by satellite supported software in the earth 
moving and road construction industry) started in July 2009. The basic idea of the project is to build 
up a basis for a multi-layer closed loop approach for project controlling in the earth moving and road 
construction industry. Therefore standard software for enterprise resources planning (ERP) and 
business intelligence (BI) is used. At the top level a BI system is used to support the management level 
of a company. An ERP system also provides a more detailed view of the data. The bottom level is 
represented by the production activity control (PAC) which supports project managers and 
construction supervisors in the controlling and planning activities. The controlling functions can also 
deliver interesting information for managers or controllers of construction companies: 

1.  A daily schedule which visualizes the status of excavators and other equipment. 
2. A comparison between the planned and actual quantity of excavated material in a period of 

work. 
3. A path-time diagram which shows the project progress.  

The PAC is a Web-based application and accessible at all construction sites via a wireless network-
connection. In order to provide the EPOS software with real data on the performance of an excavator, 
the authors developed a complete system for machine guidance: The DTM Navigator. This system 
records data sets consisting of: GPS-time, coordinates of the excavator’s bucket, heading, fuel 
consumption, and so on. Using this data the supervisor of a construction site can calculate the daily 
performance of the excavator. That is the main basis for the EPOS control system. 
 
Keywords 
Controlling, project supervision, GPS, earth moving and road construction industry, production 
activity control (PAC), business intelligence  
 

1 RESEARCH PROJECT EPOS 
The construction industry has to cope with many challenges. Since many years permanent cost 
pressure, increasing expenses, shortened schedules for the completion of projects and a highly 
complex system of official laws and standards have to be mastered.  
Profitable projects are based on a smooth construction sequence and current information about 
progress. In case of incidents during the project it is important to counteract as fast as possible to avoid 
a loss of profit. Unfortunately planning and controlling systems which support the complete 
production process are not available up to now (Nebe 2003). However during the last years some 
progress has been made. In the field of coal mining satellite supported systems for bucket wheel 
excavators are already applied successfully. They deliver mining data and data for material planning 
(Heck et al. 2004; Bulowski/Körber 2004; Weber/ Cerfontaine 2006). Apart from that GPS-based 
control of bulldozers is another important field of application (Gut 2007). Günthner et al. report on 
experiences with GPS-based control of trucks (Günthner et al. 2007; Günthner et al. 2006). Another 

This paper has been accepted as a „peer reviewed paper” by the scientific committee 
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interesting application is a DTM-based machine guidance system for excavators using GPS 
positioning which is described in Schreiber et al. (2008).  
 
Currently the next steps are going to be made. The research cooperation "Virtual construction site" 
(ForBAU) aims to adapt concepts and practices of modern industrial organizations, their production 
technologies and logistics systems to those of the construction process (TUM 2009). The idea is to 
collect data from different phases of a construction project. The data is transferred to virtual 
landscapes. This 4D-information system of the construction site shall be used and constantly 
developed over all phases of the project (TUM 2009). The integration approach is based on process 
simulations and digital tools. In comparison with the construction plan variations of data can be 
immediately discovered and counteractive measures can be induced at an early-stage. Further 
information about ForBAU can be found in (TUM 2009). 
 
As an important part of a complete information chain satellite supported software for excavators can 
be used. This is the focus of the research project EPOS (Efficient process design by satellite supported 
software in the earth moving and road construction industry). Locally collected cost and performance 
data of an excavator can be transferred in short periods to an information system. Afterwards it can be 
prepared for several stakeholders, for e. g. construction supervisors, controllers or managers. This 
process is fully automated. The results of the EPOS project can be combined with the findings of the 
ForBAU project in future. EPOS was initiated by the authors and started in July 2009. As an extension 
of the research results which were presented at the MCG 2008 the basic idea of the project is to 
expand the scope the controlling approach to a multi layer closed loop system for project controlling in 
the earth moving and road construction industry. Therefore standard software for ERP and business 
intelligence is applied. Apart from that a production activity control component is developed. The 
following sections illustrate the idea of performance and cost control based on powerful software 
tools.  
 
Before we go into details the data basis of the EPOS project is described in section 2. The closed-loop 
approach is explained in section 3. Afterwards the basic architecture and the EPOS components are 
outlined. The last section summarizes the paper and includes a future outlook. 

2 DATA SOURCES/ DEVELOPMENT OF THE DATA LOGGING 
EQUIPMENT 

In order to provide the EPOS software with real time data the authors developed a complete system for 
machine guidance: The DTM Navigator for heavy equipment such as excavators and bulldozers. This 
system records data sets consisting of GPS-time, coordinates of an excavator’s bucket, heading and 
angles. 

2.1 The DTM Navigator: Basic Ideas 
In the beginning of the development of the DTM and GPS-based machine guidance system, it was 
intended to improve the productivity of construction machines, such as excavators. The excavator was 
chosen, because it is the geometrically most complicated machine for machine control applications.  
GPS-based electronic receivers are able to determine their location within a few meters. The position’s 
accuracy of highly sophisticated differential GPS-equipment (based on the RTK-receiver TRIMBLE 
5700 datasheet) is stated: 
 

- horizontal: +/- 10 mm + 1 ppm                            
 - vertical:     +/- 20 mm + 1ppm.  
 
 

Recent terrestrial surveying systems such as tachymeters have comparable accuracies. Only these 
accuracies fulfill the standards and the building regulations for surveying. Machine guidance is a 
specific type of surveying construction sites. Due to this reason the accuracies which were mentioned 
above are a demand for machine guidance.  
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An accuracy test determining the position of a bucket-tooth of an excavator at our test area led to an 
accuracy of 15 to 25 mm. Stempfhuber / Ingensand (2008) report on an accuracy range from 20 to 30 
mm (height) and 20 to 50 mm (3D-position). 

2.2 Technical set-up for collecting data 
Important components of the DTM-based machine guidance system are (Schreiber/ Diegelmann 
2007): two GPS antennas for the GPS Receivers (GPS A1/2), two encoders (G1/2), an LED bar and a 
tilt sensor (TS1). Fig. 1 illustrates the technical set-up.  
 

 
Figure 1: Set-up of the GPS-antennas and the encoders (Schreiber/ Diegelmann 2007) 

 
To avoid over-excavation the operator's main information is the difference between the planned depth 
and the actual depth at the center of the bucket’s cutting edge (BE). It is zero when the planned depth 
is reached.  
A more detailed description of the technical set-up can be found in (Schreiber/ Diegelmann 2007). 

2.3 Calculation of the planned depth 
In order to obtain the planned depth of the grade, the database of the site DTM, downloaded onto the 
on-board computer, is permanently queried. The queries yield the height ZDTM for the current position 
(coordinates XBE and YBE). The difference between the current height of bucket’s cutting edge ZBE and 
the planned height ZDTM, provided by the site DTM is the height deviation. This is visualized in several 
ways: on the computer screen and on a stick mounted LED bar display. For the operator’s convenience 
an LED bar (fig. 2) provides an analog display of the vertical and lateral deviation. At a glance the 
operator can ergonomically see the moving bucket and its deviation from the planned depth. 
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Figure 2: LED bars indicating the lateral deviation of direction and the deviation of the planned depth 

2.4 Determining the excavator’s productivity 
Apart from navigating the excavator, the machine guidance system provides users with valuable real 
time information based on safe estimations in order to avoid guesswork. Performance assessment 
serves to indicate whether the actual excavator’s performance is according to plan. The determination 
of the actual performance at run time has advantages for construction companies in terms of 
operational planning, invoicing and deriving revised cost calculations from comparable machine 
operations. Determining the productivity is an essential step towards a modern controlling system for 
construction sites. Hence software is needed to monitor production and to control the solvency and the 
profit of a construction site (Wirth 2003).  
The excavator’s performance can be calculated from volume and surface data. The machine guidance 
system’s volume and surface determination software uses the following working principle. Two digital 
terrain models are determined (Rausch et al. 2008): 

1. A basic DTM (blue), namely DTM0 at time T0 before the excavation work begins, and 
2. a temporary DTM (red), namely DTM1, at the moment T1 of performance assessment, after the 

excavating job is finished. 
 

 
Figure 3: System for determining the excavated volume (Schreiber et al. 2007) 

 
At time T0 when work starts, all surface points have the original site coordinates, which means that all 
DTM0 data are valid. At time T1 of the first volume assessment, the actual coordinates of characteristic 
points on the site are recorded by the excavator operator as a temporary base area, while the working 
movements of the construction machine are recorded and automatically stored. 

Original surface DTM0 

DTM1 Finished surface 

Excavated volume 
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The machine guidance system’s CAD program creates the temporary DTM1 from the actual 
coordinates just measured; this data is stored for subsequent use. As soon as excavation work is 
completed, the temporary DTM1 becomes the target DTM. By comparison of the two DTM values 
(DTM0 and DTM1), the volume V0,1 excavated during time T1 - T0 can be determined (DTM- green, 
fig. 3). 
 
In the same way as for excavated volume V0,1 , the subsequent excavated volumes V1,2, V2,3, etc. at 
measuring times T2, T3, etc. can be determined. 
 
They can be computed, processed, stored and evaluated. It is also possible to send them to an ERP-
system which can analyze the data with powerful tools (Nebe 2003). The data is very useful for 
planning and preparing construction work. It provides a basis for post-calculation of important service 
components on the construction site and is useful for calculating subsequent bids for similar 
construction projects. 

2.5 Use of the calculated excavated volume to determine operating 
data 

Based on the calculated excavation volume or the covered surface and additional machine operating 
data, the operating data for the “excavator cost estimation” can be determined. Additional data can be 
saved and processed by the PAC and the ERP system: details of machine operators’ wages, cost of fuel 
and related operating materials, cost of the machine itself (depreciation A, interest charges V, and 
average repair charge rate R), costs of wear and tear, and miscellaneous costs. 
Provided with all these parameters the excavator’s hourly costs can be divided into separate cost 
components. 

2.6 ERP Interface 
As we have already mentioned ERP systems offer powerful tools to analyze the collected data. For this 
reason the developer team has implemented an mySAP ERP interface. The interface is based on so 
called Business Application Programming Interfaces (BAPIs). BAPIs allow access to SAP business 
objects, which makes it possible to add data to the ERP database. To provide the ERP interface with 
data the SAP tool “Legacy Systems Migration Workbench” (LSMW) was used. Alternatively other 
powerful SAP technologies called „Exchange Infrastructure“ (XI), Java Connector or Business 
Connector could be used. The advantages and disadvantages of the tools are discussed in 
(Willinger/Gradel 2003, Stumpe/Orb 2005, Nicolescu et al. 2006). Because LSMW was readily 
availability and due to the fact that other technologies would have entailed additional license costs we 
decided to use the LSMW. With the implemented interfaces, data collected by the machine guidance 
system respectively the PAC can be transferred to the ERP system. It can be analyzed by the project 
system, the controlling and the finance component. It is also conceivable to use business intelligence 
tools for further analysis. 

3 THE CLOSED-LOOP APPROACH 
Before the functional components are explained in detail it is helpful to understand the closed-loop 
approach in general. Fig. 4 illustrates the basic idea.  
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Figure 4: Closed-loop approach (Eve 2009) 

 
Data from the operational layer is monitored and analyzed on a regular base. The data provides insight 
about the actual performance of the construction site processes. Among others business intelligence 
applications can be used for this purpose. The results produced by the BI applications can be shared 
and evaluated by the users. The idea is to recognize problems in time and to improve the business 
processes. Later on, the positive or negative effects of those changes are measured by the closed-loop 
applications and so on (Eve 2009). It is important to notice that the closed loop is not a single iteration.  
The data is collected and analyzed again and again to determine if the concluded action and the 
analysis were correct and addressed the business issue. This general principal is used on several levels 
of a controlling system which is explained in the following section. 

4 ARCHITECTURE AND FUNCTIONAL COMPONENTS 
Fig. 5 illustrates the architecture and the components of the EPOS system.  

 
Figure 5: Research project EPOS: overview 

 
At the top level a BI-system is used to support the management of an enterprise. An ERP system 
provides a more detailed view of the data. The bottom level is represented by the production activity 
control (PAC) which allows project managers to support the controlling and planning activities. The 
EPOS project focuses on the PAC, – the construction supervisor’s workplace –, its’ data sources and 
the associated data flows. To get a better understanding of the closed loop approach the different levels 
are explained in detail. 
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4.1 PAC-level 
As already mentioned the PAC mainly supports the construction supervisor. It is a web-based 
application and accessible for all construction sites by a wireless network-connection. Apart from that 
the controlling functions can also deliver interesting information for managers or controllers of 
construction companies. The PAC supports the collection of data which is manually entered by the 
construction supervisor. Fig. 6 illustrates the user interface. 

 
Figure 6: PAC prototype: GUI to collect construction site data 

 
Data which is logged by the on-board system of an excavator or other equipment is automatically 
transferred to the PAC server. Furthermore fine planning is supported. The PAC is designed for 
excavators at construction sites in the field of civil engineering. Nevertheless, the PAC can be seen as 
a basis for further enhancements, allowing the integration of other construction machines in the future.  

Figure 7: PAC prototype: comparison between planned cost parameters and actual values 
 
The PAC component includes three basic functions: 
1. A daily schedule which visualizes the status of the excavators. 
The graphical representation visualizes the operating and down times of an excavator. 
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2. A comparison between the planned and actual cost/ performance parameters. 
The supervised time period can be freely chosen. Deviations violating a certain threshold are 
highlighted.  Fig. 7 shows a comparison between the planned cost parameters and the actual values as 
an example. 
3. A path-time-diagram which shows the project progress.  

4.2 ERP-level 
Further analysis of the collected project data is done by the analysis and reporting components of the 
ERP system. Current cost and activity data of the construction sites is provided to the construction 
management accountancy, which is focused on calculating the cost of projects and single items of 
work. Apart from that comparison of actual figures, for e. g. of two following periods, can be 
generated by the ERP-System. These reports can be used for comparisons of expenses types of cost 
centers (Rausch et al. 2008). Moreover, it is possible to distribute the analysis results to mobile clients, 
such as notebooks or mobile phones, for persons needing such information. Until the end of September 
2010 the ERP interface will be improved and the possibilities of ERP reporting will be extended. 

4.3 BI-level 
The BI level mainly addresses management and the controlling department of construction companies. 
The collected data is processed for decision-makers and controllers (Gómez et al. 2009). It can be 
accessed and analyzed by business intelligence tools. For example, the analysis of expense and 
performance data is possible using online analytical processing (OLAP). Expenses such as those 
caused by vehicles, construction sites or departments can be analyzed in terms of the criterion “time”. 
The EPOS BI demo system offers also other valuable reports. Uptime information of excavators or 
excavator types can be used to determine the level of utilization or the excavators’ productivity (fig. 
8). This information can be very interesting for controllers. 
 

 
Figure 8: BI demo system: key figure “productivity” 

5 CONCLUSIONS AND FURTHER DEVELOPMENTS 
The information age has definitely arrived and in fact it has just begun to affect the business processes 
of the construction industry. In this paper a new generation of a controlling system for the earth 
moving and road construction industry was presented. The multi layer closed loop approach provides 
different stakeholders like construction supervisors, managers or controllers of construction companies 
with valuable information like comparisons between planned and actual key figures in a period of 
work. In case of deviations action can be taken in time. Its main data source is a machine guidance 
system which delivers real time operating data of construction sites. Based on this data more accurate 
schedules and estimates are possible. Additionally it is possible to analyze operating data to get 
information about the performance of the used equipment.  
Quite certainly the project will be finished on time in September 2010 providing all the features which 
were on the project’s schedule and described in this paper. So far we have established a complete 
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information chain to deliver a detailed view of production processes in the earth moving and road 
construction industry. There are however many starting points for extending the scope of the closed 
loop approach. Up until now we have focused our attention on excavators. The next big step would be 
the integration of other equipment such as bulldozers etc. Apart from that additional reports on 
different levels (BI, ERP, PAC) could be useful. 
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Abstract 
After the successful introduction of Topcon’s mmGPS technology in the area of earthworks, for 
example graders, excavators or dozers, the logical conclusion is to also use this system during the final 
stage: the paving.  Why create additional expense for additional surveying and preparation for a string 
line set-up while all required data is already available as a digital 3D model ? Existing 3D systems 
based on total stations might have been too complex to set-up and support, but with Topcon’s unique 
mmGPS system this disadvantage is gone and everybody can easily handle the entire system.  
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1 INTRODUCTION 

1.1 Topcon at a glance 
 
Topcon Corporation is one of the world’s leading producers of high-precision electro-optical 
instruments. Established in Tokyo, Japan, in 1932, our production and development in the meanwhile 
takes place in Japan, China, Europe, Australia, the USA and Russia. Our sales and service network is 
backed by subsidiaries or / and sales partners worldwide. Worldwide, Topcon Corporation has more 
than 4,000 employees available - more than 350 in Europe alone.   
 
The organization of the European market is managed by Topcon Europe Positioning B.V. located in 
Cappelle a/d IJssel  - near Rotterdam -, the Netherlands.  
 
Our strategic partners in Construction include Komatsu, Volvo, Liebherr, Sauer Danfoss, Vögele, and 
RIB Software AG. Furthermore, we keep close contact to universities (over 300 in Europe) and 
advanced technical colleges. 
 
Topcon’s surveying instruments and systems, which continually set the facto standard in the industry, 
are based upon optical technologies developed since the company’s founding and later refined by the 
addition of electron beam and laser technologies to meet the times needs. The company’s instruments 
are widely used in surveying and construction-related sectors. In recent years, Topcon has also added 
construction and agricultural equipment automation, integrated Image processing and GPS technology. 
Today, Topcon is recognized around the globe as both a pioneer and leader in the precision positioning 
industry. 
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Topcon current status at the jobsite 
 
Computer Assisted Design (CAD) has long been the standard in almost all manufacturing industries. 
Even in construction, CAD is used to create all site and building plans. So why not use that 
information in the actual ‘manufacturing’ of the project? With Topcon 3D Machine Control, that is 
exactly what is happening. By combining our 2D machine control expertise (laser and sonic 
technology) with advanced GPS technology.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Topcon 3D Jobsite 
 
Machine control is often used at jobsites. From easy 2D to complex 3D using GPS and mmGPS. All 
over Europe construction sites are adapting similar systems. The approach has been that 7 to 10 years 
back 3D GPS was only used at large, national jobsites. Main reason was the investment justification. 
Then in the years between then and now, many different sizes of construction companies use 3D. 
Mainly to speed up the process and be as accurate as possible as well as being competitive with other 
construction companies who were using similar technologies already.  
 
Topcon systems 
 
Topcon systems allow earthmoving and paving equipment to grade and pave using information 
directly from the plans, GPS positioning data and automated electro-hydraulic control of the 
equipment itself. The combining of these technologies have provided unimaginable efficiency and is 
playing a key role in helping improve infrastructure and quality of life around the globe. 
 
Status at the moment is that Topcon controls each movement of bucket, screed or blade in elevation, 
slope and rotation; creating real machine control. The next step is to combine the information of 
machine pairs (like excavator and dump truck/paver and compactor/dozer and motor grader) and even 
combine all available real time jobsite data with the office. 
 
In terms of machine control Topcon has technologies controlling: 
 

• excavators with laser or GPS (bucket position, elevation and slope as well as machines 
rotation) 

• dozers with laser, total station, GPS or mmGPS (blade position, elevation, slope as well as 
blade rotation and machine direction) 

• motor graders with laser, sonic, total station, GPS or mmGPS (blade position, elevation, slope 
as well as blade rotation and machine direction) 
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• profilers with laser, sonic, total station, GPS or mmGPS (trimmer position, elevation, slope as 
well as machine direction) 

• pavers with laser, sonic, total station, GPS or mmGPS (screed position, elevation, slope as 
well as screed shift and machine direction) 

 
All are related to CAD (design file) and calculate real time difference between the actual situation of 
the bucket/blade/screed compared to the design file. These differences are send directly to the 
machines hydraulics and create automatic adjustments in order to keep the bucket/blade/screed on the 
desired level; creating automatic machine control. 
 

1.2 History 
Stringless machine control for pavers are in the market since several years now, but the real 
acceptance in the market wasn’t there. Reason might be that systems based on total stations are quite 
complex to handle. With the easy to use Topcon’s mmGPS system now we’re seeing more and more 
requests for such a 3D control also in the Roadbuilding market.  
 

1.2.1 Topcon mmGPS for pavers 
With the first 3D-mmGPS system for pavers TOPCON introduces the latest technology into the final 
stage of road construction.  

 
Figure 2: mmGPS on paver 

 

The total investment is drastically reduced by employing existing survey data (that has been used for 
earthworks) to control the paver.  

Larger road construction projects, like highway construction or large squares, use 3D control for 
earthworks as a standard. For paving, however, the most common means are stringlines. Stringlines 
are used as a reference for elevation and position when paving. Stringing the stringlines is very time 
consuming and therefore needs a huge budget in each project. As Topcon mmGPS paver systems 
using a virtual reference the stringline work is gone. This way the system pays for itself in no time.  

The central component of a 3D control system is the digital design model. Millimeter GPS technology 
as used on pavers utilizes a zone laser, the PZL-1, which offers a working zone of 600 m (radius) by 
10 m (height). A machine receiver like the PZS-MC is mounted to a pole installed on the pavers 
screed. As soon as the sensor enters the working range of the laser zone signal the system supplies 
elevation corrections with millimeter accuracy.  
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One correction – many machines  

Zone laser technology combines the rotating laser's simplicity, total station's precision and a GPS's 
flexibility to create an optimized, high-precision machine control system for motor graders and 
pavers. Of course, it can be also used for dozers. GPS with millimeter accuracy can be used to stake-
out or check heights behind the paver as well. By simply combining zone laser technology with any 
TOPCON GPS rover and the PZL-1 receiver, you have high-precision elevation-check everywhere in 
your project.  

 
 Figure 3 mmGPS Components 

 

Automated control of direction  

The new 3D control system also controls the steering of  the paver directly. This allows full 
automatic control along the alignment using the current mmGPS position. The 3D control box 
display shows the paver's position as well as any corrections to reach the design model. 

 

Figure 4: 3D Control Display 
For the best paving accuracy, the screed's extending parts are precisely controlled. Sensors on the 
extending parts determine the screed's actual width. The user has two options to setup the horizontal 
precision: The paving reference is set to either the extreme left or the extreme right end of the screed. 
This line is then used as the paving reference. Optionally, users can set a fixed paving width. This will 
be adhered to over the full length of the section. Even direction corrections of the paver the reference 
alignment can be easily compensated for by using precise control of the screed's extending parts. Of 
course, the width control for the screed can be used when steering the paver manually. This ensures 
perfect paving as you can see in the following Jobsite reports 
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1.2.2 Topcon mmGPS on the jobsite 
Germany, Perimeter Road  L546 St. Leon – Rot  (Leonhard Weiß) 
 
The challenging 1.2 km long section of road with its many narrow turns and continuously changing 
cross section with slopes up to 8% would have been hard to carry out using conventional technology. 
But the automated paving system with full control of height, direction and width ensured exact 
compliance with the planned data. Consequently the whole paver crew was able to concentrate on 
monitoring the pavement process without the need for manual intervention. 
 

 
Figure 5: Leonhard Weiß Jobsite 

 
  
Germany, section A26 Stade (Bunte) 
 
At this gap closing of the highway A26, the base layer was built with a width of 10.5m and a thickness 
of 18cm. Using conventional technology, stringlines would have had to be installed to the left and 
right of both roadways. This alone would have cost about € 100,000 for this 10km section. The 
stringlines would have also posed an enormous logistic problem: As there was no turn-around 
opportunity, the trucks would have had to back up several kilometers into the construction site. A 
problem that vanished together with the tensioned wire, and thus it was clear to the persons in charge 
at Bunte that the advanced 3D mmGPS technology from Topcon was the way to go. 
 

 
 

Figure 6: Bunte Jobsite 
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Germany, Complete Refurbishment A8 Irschenberg (Kirchner/Stratebau) 
 
This 7 km long, 15m wide section was rebuilt from the ground up. Earth moving and grading was 
already carried out using 3D terrain models. Taking into account the circumstances and the width of 
the project, it was especially advantageous to pave using 3D control and the construction site‘s 
existing GNSS infrastructure. There already was a GNSS reference station on site, so only the 
additional zone lasers for millimeter-precision height control had to be integrated into the project. Two 
pavers were working together on the whole width of the roadway, side by side! This emphasized the 
advantage of Topcon‘s mmGPS system, as for each section only a single zone laser had to be set-up, 
which then provided height laser signals with millimeter precision to both pavers and surveying crew. 
Using total station control you would have needed up to four units for the pavers plus an additional 
one for the survey team. Only the ease of installation of the zone laser as well as the ease-of use of the 
whole system made it possible to pave this productively and smoothly. Control surveys showed a 
precision of 4mm per 4m with the base layer already, a precision only required to be achieved after the 
final cover layer. The exceptional results got around very quickly and thus the company Leitenmaier 
willl now also tackle the next section from Bad Aibling using Topcon mmGPS technology. 
 

 
 

Figure 7: Kirchner Jobsite 
Zweibrücken Airport – Complete Refurbishment (Heitkamp) 
 
Another example of the effective use of this technology is the refurbishment of Zweibrücken Airport 
with its 2.7km long, 45m wide runway. The individual sections could only be carried out during the 
night and had to be 100%  inished for the landing of the first aero plane early in the morning. The 
construction site was divided into sections of 300m and six strips with a width of 7.5m each. Two 
Vögele pavers were equipped with Topcon‘s mmGPS system and were able to precisely follow their 
path accounting for precise height, direction and width. Then the gap was closed by another Vögele 
paver, scanning the existing strips with ultrasonics. Due to the complete automation it was possible to 
drive the paver at a higher speed. Therefore the base layer as well as the binder ere 
paved very efficiently. Additionally, the system offered huge advantages for the final cover layer.Even 
without elevation control, the direction and the screed width could still be automatically controlled by 
GNSS. 
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Figure 8 : Heitkamp Jobsite 
 
 
Finland, Enclosed Basin for a Landfill (Lemminkainen) 
 
The latest construction project that has just been completed successfully was the building of an 
enclosed basin for a landfill site. It was of absolute importance to adhere to the predefined cross 
sections, so that all of the  rainwater would always be channeled to the drains. The second rigid criteria 
was the smoothness of these cross sections. Topcon‘s mmGPS system overcame these challenges with 
great competence and the contractor and the customer were pleasantly surprised by the achieved 
accuracy. Additionally, the ease-of-use of the overall system was again judged extremely favorably. 
Topcon‘s mmGPS system was used with one Vögele paver which was then able to precisely follow its 
path accounting for exact height, direction and width. 
 

 
Figure 9: Lemminkainen Jobsite 
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2 CONCLUSIONS 
In the meantime more jobsites like Eurovia in France, BAM in Holland and Cavallerie in Italy have 
been  successfully finished The simplicity of setting up of the lasers allows anyone to handle the 
system and guarantees paving with millimeter precision. However, the system is not only used with 
huge success in the area of asphalt paving. Major advantages also apply to concrete paving with 
slipform pavers or the operation of cold milling machines. 
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Method and device for determining machine position from 
hybrid measurements 
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Abstract 
This paper discusses a method for determining the position of physical objects (e.g. construction 
machines, robots equipped with a construction tool) by means of a hybrid geodetic measuring system 
comprising measured input variables that result in geometric over determination, followed by 
adjustment according to the smallest residues process. The input variables, sourced from inclination 
values, GPS and/or tachymetrically determined coordinates, distance measurements, compasses etc., 
are used with their specific a priori accuracies or individually determined weights for determining the 
machine position. Said method allows to compute overall accuracy (e.g. pvv, pv), thus making it 
possible to assess the quality of the determined position or find measurement errors. The method is 
suitable for determining, once or repeatedly, the position of a physical object, e.g. a working tool of a 
construction machine or a robot equipped with an associated tool that is to be physically placed in an 
operating position. It is also suitable for monitoring regions of the earth’s surface such as landslide 
zones, tectonically or volcanically unstable zones, quarrying/mining zones, or edifices. The method is 
based on similarity transformation techniques. Formulas for computer based approaches are introduced 
later. Some advantages of the method used in the field of construction machines and machine guidance 
applications are discussed. Finally, an approach or an extension towards a dynamic position 
determining method from hybrid measurements is disclosed. 
 
Keywords 
Hybrid data fusion, hybrid adjustment, Helmert-transformation, sensor integration, multisensor data 
fusion 
 

1 INTRODUCTION 
In the field of construction and machine guidance high degree of accuracy in determining position is 
required. Therefore, geodetic position determination techniques are commonly used. One such tech-
nique is the real time kinematic (RTK) position determination, using the constellation of satellites in 
the Global Navigation Satellite System (GNSS). 
If a construction machine has to be localized or determined in position, pitch and roll and can affect 
position and orientation values. In case that the construction tool. e.g. a slip-form, a cutter head is not 
directly accessible for measurements, the construction tool has to be determined in an indirect manner 
or in geodetic terms: determined based on eccentric observations. For both cases additional devices 
such as slope sensors, magnetometers, compasses, gyros and accelerometers have to be integrated to 
assist with equipment positioning.  
A disadvantage of the GNSS (or GPS receivers) is that the accuracy, especially in height, often does 
not meet the required accuracy.  
In most cases, optical methods, like automated theodolites (or total-stations) with image recognition 
fulfil the accuracy needs at short distances better, but at the cost of time consumptive set-up 
procedures for the instrumentation and on-site support by professionals.  
Any analysis of sensor performance results in the obvious conclusion that there is simply no one 
perfect sensor. This result is not surprising, however, this points to the need for combining data from 
multiple sensors via data fusion techniques.  
Practical experience show clearly that job site automation based on multiple sensor fusion processes 
push productivity tremendously. As learned from standard (indoor) industries, increased productivity 
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goes hand in hand with increased reliability and quality assurance efforts, in order to prevent liability 
issues or lawsuits.  
 

In the following chapters a method and device will be disclosed, combining the ability to determine 
machine position from hybrid measurements and to compute statistically firmed accuracy, thus 
making it possible to assess the quality of the determined position, generate or indicate messages or 
alarms if corrective actions are necessary.  

2 POSITION DETERMINING FROM HYBRID MEASUREMENTS  
The principle of position determining is based on a similarity transformation, well known for the 
person skilled in the art as “Helmert-Transformation”, extended in a way that hybrid measurements 
can be integrated and processed. 
The physical object or the machine with its unknown parameters in the reference system is represented 
by a body coordinate or machine coordinate system. The position of sensors providing the respectively 
measurement results have to be known in the machine coordination system. The transformation, 
represented by transformation parameters according the degrees of freedoms, is calculated by means of 
corresponding control points. Corresponding control points have to be known both in the reference as 
in the machine coordinate system.  
The transformation can be applied either in the 3D, 2D space or in a well defined plane. If the 
observations are not directly available in the reference system, the measurements have to be trans-
ferred by appropriate steps into the target - or the reference system. Sensor measurements not bound to 
a reference system or not related to a datum are called relative observations. 

2.1.1 Control point concept  
On of the main problem of the data fusion process is that the measurements can be present in different 
dimensionalities (e.g. GPS measurements in 3D, Position information in 2D, slope sensors in 1 D). 
Therefore, the method distinguishes three different kinds of control points to be applied in the 
similarity transformation namely: 

- Full control points (FCP) 
Full control points are known in the same order of dimensionality as the similarity 
transformation or the reference system. If the similarity transformation is applied in 3D-space, 
a complete control point is characterized by a triple of coordinates (X, Y, Z), accordingly a 
complete control point in 2D space or a determined plane, by its pair of coordinates; 

-    Partial control points (PCP) 
Partial control points have lower order of dimensionality than the reference system. If the 
similarity transformation is applied in 3D space a partial control point (PCP) is characterized 
either by a pair of coordinates ({X,Y}; {X,Z};{Y,Z}); or by a single element ({X}; {Y}); 
({Z};), accordingly a control point in part in 2D space determined plane by a single element 
({X}; {Y};({Z}); 
Components of partial control points (FCP) which are not known or not measured have to be 
introduced with an approximation coordinate; 
The set of “Full control points” (FCP) and “partial control points” (PCP) is defined with 
index m. 

- Relative control points (RCP) 
Relative control points do not have per definition a direct relation to the reference system. As 
a minimal requirement they should have at least a well defined relation to the machine 
coordinate system (e.g. orientation to the machine system). 
The set of “relative control points” (RCP) is embraced with index n.  
 

For the data fusion process, the specific accuracies of the sensors should be taken into account. This 
means that the individual weight of an observation should influence the final result of the data fusion. 
If the variance-covariance matrix is not known, the individually weights can be derived from “a priori” 
assumptions by using Pi = m0 2 / mi 2; wherein m0 2 is the variance of unit weight and mi 2 is the 
variance of the individual weight of control point i. 
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2.1.2 Similarity transformation 
Based on the mathematical definitions (figure 1) found in the publication Schmid (1980) and the 
Helmert conditions for the translation part of the similarity transformation (figure 2), the similarity 
definition is well defined. 
 
 i) for individual weights   ii) Control Points               iii) and residuals 

             
 

Figure 1: Mathematical definitions according Schmid (1980) 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Helmert conditions defining translation part of similarity transformation 

 
Equations 1. – 3. in figure 2 constitute the weighted centres of gravity. It is important to notice that the 
calculation, or in a more descriptive way – calculating the centres of gravities – is executed only with 
“full control points” (FCP) and “partial control points” (PCP), indexed by m. Furthermore it is 
important to notice that elements in the weight matrix, related to an element filled with an 
approximated value - because of inexistent measurements or component in respective dimension - are 
filled with a value ε nearby zero (preventing division by zero, but not influencing the transformation). 
The similarity transformation is finished by applying one single rotation in case of 2D, or three 
consecutive rotations in a 3D situation around the centre of gravity, which minimizes the residuals. In 
case of least square minimizing the criteria is defined by  

v T P v = ii

nm

1i
i vPv∑

+

=

.       

 
It is essential that all (n) the “relative control points” (RCP) have to be included in the rotation(s) to 
be applied. All relative observations or measurements have to be converted in a cartesian format 
originating from the centre of gravity Xs = xs followed by a transformation of the standard deviations 
in error ellipses respectively weight components for the P matrix.  
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Figure 3: Flow chart data flow “Position determining from hybrid measurements” 
 
 
 
 

a) Definition: 
• machine or body coordinate system (x,[y,z]) 

•  project or reference coordinate system (X,[Y,Z]) 

b) representation of the measurements in the 
project or reference coordinate system  (X,[Y,Z]) 
followed by determining whether measurement 
point belongs to full, partial ore relative control 

points 

 
c) introducing of individual weights of  

full, partial or relative control points (X,[Y,Z]) 

d) similarity transformation 
(translation/rotation) 

 
• d1) calculation of weighted point of gravity    
of the full and partial control points in the 
reference system S(X,[Y,Z]) and full and partial 
control points in the machine coordinate 
system s(x,[y,z])  → difference between S(X,[Y,Z])  
and s(x,[y,z])  > translation vector 
 
 
•  d2) rotation of machine coordination 
system (which is reduced to s(x,[y,z])) until 
remaining residuals of the corresponding 
control points (including full, partial and 
relative control points) are minimized (e.g. 
pvv or pv)  → rotation 
 

 
e) transformation of further points  

Updating  
 (new epoch) 

 
re-weighting 
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Additional points xA, e.g. describing the position of a working tool and associated with the machine 
position, to be transformed additionally, can be calculated with help of rotational matrix D. 
 
 

D = 

333231

232221

131211

aaa
aaa
aaa

 ; XA = D ⋅ xA 

 
 

3 MACHINE GUIDANCE AND CONTROL APPLICATIONS  

3.1 Device for Hybrid Data Fusion “DataFusor” 
The embodiment, illustrated as “mixing console with indication means” in figure 4, allows dealing 
with statistically based residual v T P v information for supervising and monitoring the machine 
guiding process. The v T P v value has to be statistically processed according to the actual degree of 
freedom or over determination of the measurement configuration (following named as pvv). 
 

 
Figure 4: “DataFusor or mixing console with indication means” 

 
Various sensors can be attached and processed in the “DataFusor”. The specific weight of each sensor 
in the data fusion process can be defined automatically (not shown) or manually (shown by the 
position of the slider on the mixing console). The weights are based on the principle of unified 
variances of unit weight. Auxiliary indication means give a graphical overview about the residuals 
(either as v T P v / Overdetermination > pvv). The user can define a threshold for either alarming the 
operator or stopping the construction machine.  
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3.2 Use of the method and the device in today’s applications 

3.2.1 Calibration of machine guidance sensor configuration  
Even a simple machine guidance system, without an over determined sensor configuration, has to be 
calibrated, re-calibrated or checked from time to time. An easy check of the system accuracy can 
easily be executed in a quasi-static mode, using external sensor equipment and combining the external 
sensor data by adjusting or fusioning the measurement results to provide an overall accuracy 
“certificate” or to detect sensors inaccuracies. 

3.2.2 “Leap-frog” slider 
The so-called “leap-frog” slider allows to fade-out sensor data from a first group (e.g. group total-
station(s) 1 on the right side), while sensor measurements from a second group ( Total-Station(s) 2 
left) are faded-in synchronously. During the transition process it is possible to check if the new sensor 
data is compatible with the required overall accuracy.  
 

 
Figure 5: Construction machine in “Leap-frog” situation 

 
 

3.3 Use of the method and the device in tomorrow’s applications 

3.3.1 Introducing principle of “adjacent points” 
Every field surveyor, doing his daily job more or less “manually” on a construction site, has incorpo-
rated the so called “principle of adjacent points” in his mind. This means that relative or local accuracy 
is more important than absolute accuracy. Neighbouring points should be taken into account when new 
points are set or staked out. Figure 6 (in a cross sectional view) shows the idea of dealing with the 
principle of “adjacent points”. A GPS sensor is mounted in combination with a slope sensor on a ma-
chine, travelling along the wall on the left side and the already constructed part on the right side. If a 
zone (in which relative accuracy is of higher importance than absolute accuracy) has to be passed by 
the construction machine, a locally referenced group of distance sensor is introduced in the measure-
ment process, having a higher weight than the GPS sensor.        
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Figure 6: Construction machine and principle of “adjacent points” (cross sectional view) 

 

3.3.2 Paving along reference lines or reference distances 
 

 
Figure 7: Slip for paver (Curb & Gutter) 

 
Figure 7 (left) shows a Curb & Gutter paver, designed for the construction of small side walls. The 
construction machine is equipped with a GPS sensor, a slope sensor and a 360° reflector related to a 
total-station (theodolite). The slip form can not be direct equipped with GPS, total-station or in-
clination sensor, therefore, the position can only be determined indirectly or by eccentric measure-
ments. Figure 7 b (right) shows that a high accurate distance measurement between the slip-form and 
an adjacent point improves the accuracy in X-direction significantly. A high accuracy in X is 
important for building a well aligned wall structure in longitudinal direction.  

3.3.3 Towards a dynamic position determining method from hybrid measure-
ments 

The aforementioned method described as quasi-static working, can be extended with parallel Kalman 
filters (figure 8) to a dynamic operating method. Therefore, the individual weights P Xi

° , derived from 
“a priori” variance-covariance matrix can be improved by using variance-covariance matrix Q (see 
Bayer 1992, page 60) of state vector estimation. 
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Figure 8: Input from parallel working Kalman (Swerling –Bucy) filter 
 
Using Helmert condition (Schmid 1980)  (Figure 9;  Formulas 4. - 6.) for rotation by using Q-1 and 
state vector estimation can improve quasi-static operating machine position determination from hybrid 
measurements to a kinematic machine position determination. 
 

 
 

Figure 9: Helmert conditions for rotation (Schmid 1980) 
 
 

4 CONCLUSION  
Determining machine position means mainly: 
• ability to combine different sensors technology by multisensory data fusion; 
• minimizing liability risks by establishing a risk management associated with possible measure-

ment errors, to provide corrective and preventive actions. 
The disclosed method -  proved its ability to fulfil both challenges by numerical simulations  - is ready 
for implementation. 
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Abstract 
One immediate agricultural application of  the GPS has been the automatic steering of the tractor, 
providing numerous advantages for the farmer. While today’s “average” automatic steering systems 
can assure sub-inch accuracy relative to the tractor’s position, the industry’s demand for higher 
precision of the actual application has moved the focus to the implement, which performs the actual 
task, such as seeding, fertilizing or cultivating and more.  
 
There are only a few specialized equipment, which allow direct steering of the implement. While such 
few can adapt the current control strategies already developed for the tractors, controlling the majority 
of the implements, which are simply towed behind a tractor, has been a challenge, both from an 
algorithmic point of view, but also due to engineering constraints, such as universal applicability and 
cost considerations.  
 
In this paper, the author presents dynamic-, kinematic-, and disturbance-modeling of the compound 
tractor–implement system and discusses control algorithms compliant with design constraints 
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Abstract 
The objectives of this paper are to understand different perception sensor characteristics and 
performance and to discuss the suitability of the sensors to different applications for agricultural 
vehicle automation, including crop row/hay-forage/cut-edge guidance, vineyard/orchard automation 
and vehicle safeguarding system.  We have chosen three different types of sensors including Time-of-
Flight (TOF) camera, scanning laser sensor, and stereovision system as the core of perception sensors 
to be evaluated in this paper.  These sensors were tested and evaluated on their performance.  We are 
especially interested in the level of performance degradation in dusty conditions, which is inevitable to 
agricultural fields.   Such airborne obscurant rich conditions could cause the sensors to have false-
positive errors, where the sensor wrongly detects dust as a target to detect.  Different applications have 
different requirements, so we have defined the sensor requirements for those applications.  Based on 
the application requirements and the evaluation on the sensor performance, we determined the each 
sensor’s suitability to the specific applications.   
 
Keywords 
Time-of-Flight camera, Scanning laser sensor, Stereovision, Rugged environment, Auto-guidance 
tractor 
 

1 INTRODUCTION 
The National Academy of Engineering recognized Agricultural mechanization as the 7th greatest 
engineering achievement of the 20th century, of which other top ten achievements included 
electrification, automobile, and airplane (Constable and Somerville, 2003).  This is the clear 
recognition of the significance of farm machinery including tractors and combines that changed the 
way of traditional agriculture and greatly increased its efficiency and productivity.   
 
Agricultural automation could be one of the greatest engineering achievements of the 21st century.  
GPS-based auto-guidance systems, such as John Deere’s AutoTrac system, can drive tractors along 
predetermined paths including straight or curved paths automatically.  Even though an operator must 
still remain in the cabin, the operator is free from steering the vehicle and can focus on other tasks 
such as operating the implement.  Because such auto-steering systems can reduce the overlap of 
adjacent paths and reduce operators’ fatigue, further improvement on the productivity and efficiency 
can be achieved.  Auto-guidance systems took the efficiency and productivity to another level. 
 
Furthermore, the latest RTK-GPS-based guidance system can offer completely automated operation.  
For example, John Deere’s iTEC ProTM (Intelligent Total Equipment Control) system automates 
headland turns and raises and lowers implements at the appropriate positions.  An operator using iTEC 
ProTM remains in the cabin only for the sake of safeguarding the vehicle. 
 
However, GPS-based auto-guidance systems have their limitations.  First of all, the system can only be 
used for operations where the path can be determined prior to the operation, such as tillage and 
planting.  Secondly, the performance may be compromised at such fields where the view of the GPS 
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antenna is obstructed by tall trees or other objects, which is a typical case in orchards and vineyards.  
Finally, it will never become a totally unmanned system because GPS alone cannot safeguard the 
vehicle from unexpected obstacles in the field. 
 
To overcome those issues, different sensing systems that can recognize the environment surrounding 
the vehicle are required.  Such sensors, called perception sensors, may include laser scanning sensors, 
time-of-flight (TOF) cameras, vision systems including stereovision, radar, and other sensors.  For 
example, 2D vision systems have been used for automating a variety of field operations including crop 
row detection for tractor guidance (Reid and Searcy, 1987), windrower navigation (Fitzpatrick et al, 
1997), and cut-edge detection for harvesting grain (Benson et al, 2003) and grass (Ollis and Stentz, 
1997).  Stereovision was also employed for measuring soybean crop rows for tractor guidance and 3D 
crop row structure mapping (Kise and Zhang, 2008).  In vineyards and orchards, laser scanning and 
radar sensors were used for measuring tree locations and sizes for automated targeted spraying (Kise et 
al, 2009). 
 
Unmanned tractors can be equipped with a safeguarding system to allow them to map out the worksite 
and detect the presence of obstacles.  Dima et al (2004) developed a multi-sensor system by combining 
color and IR imagery with range information from a laser range finder for detecting obstacles.  
Because of complexity of the targets to detect, perception sensor for vehicle safeguarding system 
might consist of multiple sensors.   
 
The objectives of this paper are to understand different perception sensor characteristics and 
performance and to discuss each sensor’s suitability to different agricultural applications, including 
crop row/hay-forage/cut-edge guidance (contour guidance), vineyard/orchard automation and vehicle 
safeguarding system.  The sensors are to be used for field operations, so they must detect target objects 
reliably under different ambient lighting conditions, with dust and fog, and during day and night in a 
rugged agricultural field environment.  Different applications have different requirements, so we will 
define the sensor requirements for those applications. 
 
We have chosen three different types of sensors including TOF camera, scanning laser sensor, and 
stereovision system as the core of perception sensors to be evaluated in this paper.  These sensors were 
tested and evaluated on their performance and suitability to the specific applications.  We are 
especially interested in the level of performance degradation in dusty conditions, which is inevitable to 
agricultural fields.   Such airborne-obscurant rich conditions could cause the sensors to have false-
positive errors, where the sensor wrongly detects dust as a target to detect.  It could also compromise 
the sensor’s visibility and reduce the sensor’s measurement range. 

1.1 Target Applications for Perception Sensors 
Each application mentioned above requires perception sensors for detecting different targets, different 
measurement accuracies, and different measurement areas in different environments.  In this section, 
we describe the sensor requirements for each application in terms of detection targets, measurement 
area, measurement accuracy and working environment.  
 

The goal of contour guidance is to guide the vehicles along crop rows, windrows or cut-edge of 
harvesting.  The task of perception sensors is to distinguish vegetation (crop or forage) from ground 
(soil or harvested area) and identify the path way for auto-guidance vehicle.  The target detection may 
be done by image segmentation or by sensing height difference between vegetation and ground.  
Different target crops present different appearances in terms of color, texture and size, and they also 
would change over the time as crops grow.  Typical measurement area for the crop row guidance is a 
rectangle area just in front of the vehicle because the vehicle travels over the crop rows.  Required 
measurement accuracy varies depending on the application, but typically, the required accuracy for 
crop row guidance is approximately ±10cm, as considering the size of wheels of the vehicle and the 
crop row spacing.  The system should be able to perform in day and night, especially if harvesting is 

Contour Guidance 
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concerned.  Grain harvesting may present fair amount of airborne obscurants caused by chaff that 
could negatively influence the sensor performance. 
 
Vineyard/orchard Automation 
The task of perception sensors for vineyard/orchard automation is to detect trees or vines and measure 
their locations and sizes for auto-guidance and/or targeted applications, such as targeted spraying.  The 
size estimation is especially important for targeted applications because the amount of the application 
must be determined based on the size of the targets.  Because, in most cases, the vehicle travels 
between tree/vine rows, the typical sensor measurement area is to both sides of the vehicle.  Therefore, 
the distance from the sensor to the targets (trees/vines) is not very long, but a wide measurement angle 
is required to cover a sufficient number of targets.  The required measurement accuracy is generally 
high but varies depending on the size of vehicle, tree inter-row space, and the size of trees/vines.  
Typical orchards and vineyards are not as dusty as grain fields, but mist from drifting spray may 
interfere with optical sensors. 
 

2 PERCEPTION SENSORS 

Vehicle Safeguarding 
Unmanned tractors can be equipped with a safeguarding system to allow them to map out the worksite 
and detect the presence of obstacles.  Detection targets for vehicle safeguarding systems are far more 
complicated than those of other applications, and not all of them can be defined prior to the operation.  
Hence, more than one perception sensor might be used in a successful vehicle safeguarding system.  
Vehicle safeguarding systems may require a larger sensor measurement range than other applications 
to ensure a sufficient stopping distance when an obstacle intersects the path of the vehicle.  While 
important, measurement accuracy is not as critical as the other two applications.  There is very little 
consequence if a vehicle safeguarding system stops a vehicle 6 meters from an obstacle versus 7 
meters.  Vehicle safeguarding systems have to operate in a wide range of environmental conditions 
including dust, fog, rain and extreme temperatures. 

In this section, we discuss principles and characteristics of each perception sensor we are evaluating as 
well as their advantages and disadvantages. 

2.1 Time-of-Flight Camera 
Time-of-Flight (TOF) camera, or Photonic Mixing Device (PMD) sensor, is a 3D imaging device that 
acquires 3D range image based on a time-of-flight distance measurement.  While it is called TOF 
camera, it should be noted that the PMD camera actually measures the phase shift of the light reflected 
back from the modulated light source.  The principle is similar to one of scanning laser sensors, but 
TOF cameras capture the entire scene simultaneously, whereas scanning lasers have to scan it to 
capture the entire scene.  TOF camera is relatively new technology and there haven’t been many 
agricultural applications adopting this technology yet. 
 
Advantages of using TOF camera for our applications described previously include: 

• The sensor captures 3D image of the scene. 
• The sensor doesn’t have any moving mechanisms which makes itself robust against shocks 

and vibrations. 
• The sensor performance is not affected by varying ambient lighting conditions. 

Disadvantages of using TOF camera for our applications include: 
• The sensor yields lower resolution than other sensors in general. 
• Maximum measurement range is not as long as that of scanning laser sensors. 
• Separate illumination unit is required. 
• Because the sensor relies on light-based measurement, the sensor is expected to be sensitive to 

airborne obscurants such as dusts and fog.  Therefore, it is likely that the number of false-
positive detections will increase under such conditions. 
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2.2 Scanning Laser Sensor 
Scanning laser sensors employ a laser optical scanner to detect the distance of an object of interest by 
measuring the time-of-flight of laser light pulses. During the measurement, the scanner emits pulsed 
laser beams at specified angle intervals by reflecting it with a rotating mirror and receives the beams 
being reflected from a detected object.  The distance of the detected object is determined by the time 
interval between the emission and reception of the laser beams.   
 
Advantages of using a scanning laser sensor for our applications include: 

• The sensor yields long measurement range. 
• The sensor yields high angular resolution in scanning direction. 
• The sensor yields good measurement accuracy. 
• The sensor works well at night without an additional lighting source. 

 
Disadvantages of using scanning laser sensor for our applications include: 

• The sensor includes a rotating mirror, which makes the system more susceptible to shock or 
vibration. 

• Typical scanning laser sensors can scan only a single plane. 
• Like TOF cameras, scanning laser sensors also rely on light-based measurement, so the sensor 

performance is expected to be diminished in an airborne-obscurant rich environment. 
• The sensor is relatively expensive. 

2.3 2D Imaging Sensor 
2D imaging sensor refers to any form of digital cameras that use CCD or CMOS sensor with 
appropriate optical lens system.  It may use a Bayer filter for acquiring color images or a bandpass 
filter to isolate a specific range of wavelengths to enhance certain spectral features of the target.   
 
Advantages of using a 2D imaging sensor for our applications include: 

• The sensor doesn’t have any moving mechanisms. 
• The sensor yields high resolution. 
• Color information could provide additional value such as crop status (growth, health, maturity, 

etc.) 
• The sensor is relatively low cost. 

 
Disadvantages of using a 2D imaging sensor for our applications include: 

• 3D information is unavailable. 
• The sensor performance may be affected by varying ambient lighting conditions. 
• 2D imagery can be difficult to interpret. 
• External illumination is required for night operation. 

2.4 Stereovision 
A stereovision camera is a vision sensor consisting of two or more identical cameras geometrically 
arranged parallel to each other.  Stereovision represents a 3D scene based on multiple plane images 
simultaneously taken with multiple cameras.  Advantages of using stereovision for our applications 
include: 

• The sensor yields high resolution 3D scene. 
• All resources of 2D imaging sensor is available. 
• The sensor doesn’t have any moving mechanisms. 
• The sensor is relatively low cost. 

 
Disadvantages of using stereovision for our applications include: 

• External illumination is required for night operation. 
• Performance of disparity computation is subject to availability of the textures in the scene. 
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• Disparity computation requires high computational resources. 
• Range measurement accuracy is not as good laser-based sensors. 

3 RESULTS AND DISCUSSIONS 
In this section, we discuss each sensor’s suitability to our three applications, including contour 
guidance, vineyard/orchard automation and vehicle safeguarding based on the 
advantages/disadvantages we described in the previous section.  Prior to the discussion, we have tested 
the sensors’ performance in artificial dusty conditions.  Airborne-obscurant rich environments are 
expected for our applications, so it is very important to understand the performance of each sensor 
under such conditions. 

3.1 Airborne-Obscurant Performance Test 
The purpose of the airborne-obscurant performance test was to evaluate the sensitivity of the 
perception sensors to the airborne obscurants.  A TOF camera, two scanning laser sensors, and a 
stereovision system were tested to measure their performance in the controlled environment where the 
dust was artificially agitated.  It allowed us to quantify the test condition and the sensor performance 
by controlling and measuring the level of the dust in the environment.  The tests were conducted in a 
closed chamber.  The size of the chamber was approximately 17 m long, 3 m wide, and 2 m height.   
The sensors were mounted on a rigid frame and placed at one end of the chamber.  A white cylinder 
(1.5m tall, 17.5 cm diameter) was used as a detection target.  Three data collections were conducted.  
For each test, the detection target was placed at 5 m, 10 m and 15 m, respectively.  Peat moss was used 
as artificial airborne obscurant and was manually agitated using a leaf-blower.  For each test, the 
sensor data recording was initiated and manual dust agitation followed a few seconds later.  The data 
recording was continued until the dust settled down, which took approximately five minutes for each 
test.  A laser power meter was employed for measuring the density of dust.  The laser emitter was 
placed the opposite side of the dust chamber and aimed to the laser power meter which was placed 
next to the sensor rig.  
 
Figure 1 shows the sensor measurements with the target object at 5 m.  Each line represents a time 
series of a single measurement point from each sensor that is directed at the target object.  The data is 
the distance to the target object subtracted by the initial distance.  That is, this chart shows how the 
measurement error varies after the dust agitation was initiated.  The laser power meter series represents 
the ratio of the signal strength with initial strength (non-dust condition) being 1.0.  It was used as the 
dust level indicator.  All the sensors measured a shorter distance than the actual distance after the dust 
agitation, which was triggered approximately at the 5 second mark, and gradually approached to the 
actual distance as the dust settled.  Scanning laser A didn’t produce proper data for 75 seconds from 35 
second mark due to the excessive dust.  Table 1 summarizes the time that each sensor needed to 
produce the measurement with less than 10% error (45 cm error in case of 5 m target distance) after 
the dust agitation.  TOF camera achieved that accuracy first after 90 seconds followed by Scanning 
Laser Sensor A, then stereovision.  Scanning Laser Sensor B has never achieved a 10% error accuracy 
during the data recording.  At the end of the recording (260 seconds), the error level of Laser B was 
still more than 60%.  The dust level in the table indicated the dust level at the time each sensor gained 
10% error measurement.  For example, when TOF camera achieved 10% error measurement (90 sec), 
dust level was 0.23. 
 
The test at 10 m target distance exhibited quite different result from 5 m test, as summarized in table 1.  
This time, Laser A was the fastest to recover, followed by stereovision, TOF camera, and Laser B. 
Figure 2 showed the result of 15m test.  This time, stereovision exhibited the fastest recovery with 45 
seconds, which was more than four times better than second fastest, Laser A.  The other two sensors, 
TOF camera and Laser B, never achieved 10% error accuracy by 280 second mark.    
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Figure 1: Sensor measurement error with the target object at 5m. 

 

 
Figure 2: Sensor measurement error with the target object at 15m 

 
Table 1: Summary of the airborne obscurant performance test 

Target 
Distance 

5 m 10 m 15 m 

Sensor 10% error 
recovery 
time [sec] 

Dust level  10% error 
recovery 
time [sec] 

Dust level  10% error 
recovery 
time [sec] 

Dust level  

TOF camera 90 0.23 *305  0.61 270 (73%) 0.52 
Laser A 105 0.24 108 0.52 186 0.41 
Laser B 260 (60%) 0.54 309 (80%) 0.61 276 (90%) 0.52 
Stereovision 146 0.25 112 0.53 45 0.12 
*The measurement of TOF camera was almost saturated around 20% error after 125 second mark. 
 
This airborne-obscurant performance test revealed some important facts that need to be taken into 
account when designing a perception sensor system.  First, the two scanning lasers exhibited quite 
different performance as Laser B performed very poorly when compared to Laser A even though they 
have very similar sensing mechanisms and specifications.  Both sensors employ a class 1 laser rating 
and have similar measurement ranges. There are things we couldn’t ascertain from the sensor 
specifications about the sensor characteristics that might have an influence on the performance, such 
as the diameter of the laser.  But nevertheless, it is important to understand that different scanning 
lasers could have dramatically different performance in airborne-obscurant rich conditions even with 
similar specifications.   

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

-5

-4

-3

-2

-1

0

1

0 50 100 150 200 250 300

TOF Stereovision Laser A Laser B Dust Level
M

ea
su

re
m

en
t E

rr
or

 [m
]

D
ust Level

Time [sec]

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

-15

-10

-5

0

5

0 50 100 150 200 250 300

TOF Stereovision Laser A Laser B Dust Level

Time [sec]

D
ust Level

M
ea

su
re

m
en

t E
rr

or
 [m

]



 271 

 
Another important lesson we learned from the airborne-obscurant performance test was that TOF 
camera’s performance was very distance-dependent.  TOF camera performed quite well at 5 m 
distance, but its performance was diminished dramatically as the distance increased.  The performance 
difference between Laser A and TOF camera at longer range might be explained by their differences 
on illumination mechanism: TOF cameras employ scattered light to illuminate an entire scene as 
opposed to the coherent beam of light employed by scanning lasers.  Naturally, the sensor of TOF 
camera receives less reflectance from objects at further distance than scanning lasers.    

3.2 Sensor Suitability Assessment 

3.2.1 TOF camera 
The airborne obscurant performance tests revealed that TOF camera became more sensitive to dust as 
the target distance extended.  Therefore, TOF cameras might be suitable to applications in 
vineyard/orchard or forage operations where fewer airborne obscurants are expected.  
Vineyard/orchard applications might be the best fit for TOF cameras because those applications do not 
need long range measurement, but they do require high accuracy.  This is what TOF cameras offer. 

3.2.2 Scanning Laser 
With the long and wide measurement range, high resolution and good measurement accuracy, 
scanning laser sensors are a feasible option for all applications.  Scanning lasers are the best option for 
the core of the safeguarding sensing system, because vehicle safeguarding systems need long and wide 
measurement range during day and night, and scanning lasers have superior performance in terms of 
measurement range. 
 
In terms of airborne obscurant performance, our tests showed that the scanning laser sensors we tested 
did not exhibit superior performance in an airborne-obscurant rich environment.  Therefore, 
supplemental sensors, such as radar might be used for supporting the scanning laser to reduce false-
positive errors in dusty conditions.  Furthermore, the two laser scanning sensors we tested exhibited 
very different performance.  It is important to understand that similar specifications do not necessarily 
imply similar performance. 

3.2.3 2D Imaging Sensor 
In most of our applications, it is difficult to use 2D imaging as a standalone sensor because it doesn’t 
provide a 3D measurement.  However, images of the scene around the vehicle are very useful 
information for many applications.  For contour guidance, target path can be identified based on the 
colors and/or textures.  In vineyard/orchard, images can be used for detecting fruit.  For vehicle 
safeguarding system, images can be used for obstacle identification.  Not only for automation, but 
imagery can provide with very useful information for crop monitoring, such as disease detection (Cui 
et al, 2009), weed detection (Tang et al, 2000), nitrogen stress estimation (Noh et al, 2005), and fruit 
maturity estimation (Noh et al, 2007).  2D imaging sensors are a very effective tool as a supporting 
sensor to other perception sensors. 

3.2.4 Stereovision 
Stereovision is well-suited to contour guidance because of its ability to provide both 2D and 3D 
images.  Target paths for crop rows, windrows and cut-edge of harvesting can be distinguished based 
on the color and texture information from a 2D image as well as height difference obtained from a 3D 
image.  Such information redundancy makes the target detection algorithm more robust.  Furthermore, 
because contour guidance doesn’t require long measurement range, a tractor’s existing lighting may be 
able to provide sufficient illumination for night operation. 
In terms of airborne obscurant performance, our test showed that stereovision exhibited fairly 
consistent performances at all three distances tested.  That is also an advantage of using stereovision in 
crop harvesting. 
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4 CONCLUSIONS 
• Airborne-obscurant performance test on three different types of perception sensors including 

Time-of-Flight (TOF) camera, scanning laser sensor, and stereovision system revealed that the 
performance of all sensors was compromised in airborne-obscurant rich condition. 

• Different scanning lasers could have a totally different performance in airborne-obscurant rich 
conditions even with similar specifications. 

• With the limited performance of long range measurement in airborne-obscurant rich condition, 
TOF cameras may be better suited to vineyard/orchard or forage applications where fewer airborne 
obscurants are expected. 

• Stereovision may be well-suited to contour guidance because of its ability to provide both 2D and 
3D images.   
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Abstract 
The relevance of automation in agricultural engineering is getting stronger. As well as machinery 
guidance of single machines is state of the art, the automation in agricultural processing is gaining in 
importance, as to be seen on the innovation products introduced during the 2009 Agritechnica. Until 
now the primary focus of automation is set up on single machines, but the automation of cooperative 
operations is lying idle. For example, a combine harvester and the logistic chain of transportation units 
are operating cooperatively. But the logistic decisions are still made upon first hand experience and - 
without any rating - human intuition. Therefore the benefit of the whole agricultural - e.g. harvesting - 
process may be linked to the condition of each human participant. Beside the automation of single 
operating machinery the optimization of cooperating machinery and agricultural processes may be one 
future challenge, the agricultural engineering has to meet in the next years. Concerning the synergies, 
the vision of field robotics is an integral part of cooperative operating machinery. 
With the experience of the last four Field Robot Events and the knowledge of different research 
projects the ILF has developed a mobile platform for developing, testing and demonstrating 
cooperating mobile machinery strategies. First objective of the development process was to realize a 
flexible hardware concept including chassis as well as computing and sensor hardware. As a next step 
a new middleware has been set up, to establish a specified access to sensor and actuator data and to 
facilitate the data processing and data distribution via Matlab/SIMULINK or other software projects 
like Visual C++. In a first project the platform is used for demonstrating two scenarios of cooperating 
machine behaviour. First scenario is the interaction between a forage harvester and a transportation 
unit and second scenario between a combine harvester and a transportation unit. 
 
Keywords 
Robots, cooperating machinery, absolute and relative position, agricultural process automation  
 

1 INTRODUCTION 
The relevance of automation in agricultural engineering is getting stronger and for some years also 
robots for agricultural applications are more and more in focus of research projects and developments. 
Blackmore [Blackmore et al.] has given a specification for an autonomous crop production 
mechanization system and van Henten [van Henten et al.] an insight into the challenges of the yearly 
international Field Robot Event. With the experience of the last Field Robot Events the Institute for 
Agricultural Machinery and Fluid Power (ILF) developed a flexible robot platform including chassis 
as well as computing and sensor hardware. The system is designed to meet purposes concerning firstly 
research on cooperating machinery and secondly education - which also includes the participation at 
the yearly Field Robot Event. The robots are called comRoBS, which is the short form for cooperating 
mobile and communicating Robots Braunschweig. 
At first the technical configuration of the comRoBS will be described, which is divided into the 
mechanical and electrical data, the electronic and sensor system and the software concept. This is 
followed by a short description of a concept for relative positioning and a first approach for 
cooperative automatic machine control. 
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2 TECHNICAL SPECIFICATION  
The whole concept of the comRoBS is based on the intention to have a highly flexible robot platform 
which can be used in many different scenarios. Therefore a lot of requirements had to be considered in 
prior of the development process which can be separated into the three main categories:  

• mechanics and electrics 
• electronics and sensors 
• software 

2.1 Mechanics and electrics 
The mechanics of the robots had been developed on the experiences of the students in combination 
with the knowledge of the ILF in the sector of mobile working machines. The result is a flexible robot 
platform with a total width of 350 mm and a total length of 600 mm excluding installed sensors. The 
robots have a clearance of 40 mm, an operating weight of 20 kg and a payload of about 20 kg. The 
robots have an industrial electric motor (Dunkermotoren, brushless DC motor, type BG 25x75 CI) 
with a maximal drive power of 250 W which is connected to the wheels by a permanent four wheel 
drive with a front, middle and rear differential about a 2-speed gearbox. The gear transmission ratio 
can be switched by changing the gear wheel combination and allows a maximum speed of about two 
and a half metres per second in the first gear and five metres per second in the second gear. 
Furthermore the robots have an individually steerable front and rear axis realised by two servos (Hitec, 
digital robotic servo, type HSR-5980SG). This assembly allows four different kinds of steering – front 
axle, rear axle and all-wheel steering (same and opposite direction). The standard aluminium profile 
framework (Figure 1, left) allows easy mounting of different sensors and actors, e.g. a laser scanner 
(Figure 1, right) at the front of the robot. 
 

 
Figure 1: 3d-Catia V5 model and picture of the comRoBS with mounted sensors 

 
The power supply of all components is realised by standard NiMH batteries with a standard capacity 
of 4500 mAh (9000 mAh with additionally power packs) and the robot system has an on-board voltage 
of 24 volts. A hot plug function allows simply switching between onboard and external power supply. 
The average operating time in the autonomous mode is between one and four hours depending on the 
used sensors, actors and processor power. 

2.2 Electronics and sensors 
The electronic system is divided into a high-level and a low-level division (Figure 2, left and right 
side) which are connected by an overall CAN-bus. The high-level division consists of a 
MicroAutoBox (type 1401/1505/1507) and optional an Intel Atom PC (1.6 GHz, 2 GB RAM, 32 GB 
SSD). While the MicroAutoBox is directly connected to the CAN-bus the PC is connected via an USB 
to CAN module. The high-level sensors LPR (Symeo, local positioning radar, type LPR-2D) for 
absolute positioning and a laser scanner (Sick, type S300 professional) for relative positioning as well 
as collision avoidance are connected via RS232 to the MicroAutoBox. A GPS receiver (u-blox, GPS 

http://dict.leo.org/ende?lp=ende&p=thMx..&search=operating�
http://dict.leo.org/ende?lp=ende&p=thMx..&search=weight�
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receiver, type LEA-4T) and a WLAN dongle for communication with an external notebook are 
installed to the PC via RS232 and USB. The PC and the MicroAutoBox are also connected to each 
other by a hostlink interface for programming and monitoring the MicroAutoBox via the onboard PC. 
 

 
Figure 2: Bus concept (high-level and low-level) 

 
The low-level modules are self-made standardised boxes with a power connector and a CAN-bus port 
on one side of the box and individual ports on the other side. The design inside these modules is also 
divided into a basic configuration with a voltage transformer and a microcontroller with integrated 
CAN interface and an individual part for the specific sensors or actors. Several modules are installed 
on each robot like an inertial measurement unit (IMU), a servo box to control the steering and for 
example a radio box. This box is using the ZigBee specification and enables easy data exchange 
between the robots based on CAN protocol by simply sending a CAN message using the ID of the 
radio box of the other robot. For an emergency stop an additional radio box is integrated into the 
system which is using 433 MHz. In case of an emergency this box is sending a CAN message which 
directly stops the engine without involvement of the high-level processors. 

2.3 Software 
The basic intention during the development of the software concept was to realise a structure which is 
as flexible as possible for further integration of software modules and scaling of processor power. 
Primary attention was the realisation of a middleware concept for connecting different processes 
(Figure 3, left) to one hardware module [Robert]. In case of the comRoBS these are different sensors 
connected to the RS232 port and to the USB/Firewire port. For example the CAN-module is connected 
via USB to the PC and all transmitted data is transformed into the TCP/IP protocol. While establishing 
a server application every process/application is able to connect to this server for receiving and 
sending data. 
Furthermore the connection of additional PC’s to one robot PC is possible using the TCP/IP protocol 
for the middleware concept. The connection could be realised by internet, directly (by wire) as well as 
about a WiFi connection (Figure 3, right). On the Robot PC additionally a VNC-server (Virtual 
Network Computing) for a remote connection via WLAN is running. The big advantage of the self 
developed middleware is that it is very simple to establish a TCP/IP client or server in nearly every 
programming language or developing software (e.g. Matlab, Simulink, Microsoft Robotics Developing 
Studio) so that different software can be used. Furthermore this concept provides an opportunity to 
develop discrete software packages and to switch between software parts while being in process. 
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Figure 3: Software structure and cross linking 

3 RELATIVE POSITION 
The knowledge of the exact relative positions between vehicles is a very important precondition for 
cooperated machine control, for example during the overloading process in agricultural scenarios. 
Therefore different approaches could be used like calculating the relative position based on absolute 
position delivered for example by a DGPS system or the mentioned LPR. The problem in this case, 
using such small robots, is that the typical accuracy of absolute positioning systems is in a range of 5 
to 15 cm. This is sufficient in case of larger scaled machines with a dimension of some metres, but too 
much for using it with small robots at a scale of 1:10, while the typical sensor accuracy exceeds the 
required accuracy. To improve the relative positioning during the simulated overloading process a 
system was realised which calculates the relative position of the second robot by using the data of the 
laser scanner which is mounted at the front of the master robot (Figure 4). The used scanner has a 
scanning area of 270 degrees and a resolution of half-degree steps.  
 

 
Figure 4: Measuring data and mounting position 

3.1 Pre-processing 
To decrease the need of computing power only the relevant measurement data is used for further 
calculations. In case of approximately known relative position i.e. by a GPS system or the LPR (Figure 
5a) only the measurements which are inside a calculated circle around the actual position with a 
defined radius rLPR are used. Otherwise, if only the overloading side and exact target position are 
known, only those data is used, which is inside an area described by a predefined distance in front of 
and laterally to the target position and by a radius roff (Figure 5b).  
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Figure 5: Exclusion of measurement data: (a) position known by absolute system (b) position unknown 

 
In a second step the remaining data is reduced by using an algorithm, which calculates the step or 
rather the distance between one measurement point and the two measurement points next to it. If the 
distance exceeds a small pre-defined value, this point is separated from the relevant data points to 
eliminate measurement errors, like total reflections. In a last step also duplicate measurement points 
are deleted.  
Figure 6 illustrates the output of the pre-processing process showing the different amount of target 
points. The picture shows a lot of objects in the surrounding of the master robot in the lower middle of 
the picture (coordinates xs, ys = 0, 0). The original data set is marked with blue crosses; the remaining 
data after pre-processing is labelled with red cycles. The only relevant data points for further steps are 
in the upper right position of the reference point of the master robot. 

 
Figure 6: Pre-processing output 

3.2 Edge detection 
The next step is to locate the corresponding edges inside the remaining data points. Based on the 
length, the relative position and the number of detected edges, the decision can be made whether the 
slave robots outline is inside the data points or not. 
To detect the edges a two-stage process has to be done. First step is the segmentation of the remaining 
data points [Harati]. Inside one segment all corresponding data points are close to each other, while 
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between two segments there are much bigger steps belonging to the distance between two points (c.f. 
Figure 6). These characteristic steps can be used to separate the segments. Assuming a collision free 
path the slave robot is a free-standing object and its outline is completely included within one segment 
(under the premise that the robot is in the range of the scanner). 
The next step is to search for straight lines within the segments. The outline of the object to be 
recognized is known as a rectangle and because of the viewing direction only two sides can be seen at 
the same time. Therefore only objects with maximum two lines within one segment could be the 
relevant object i.e. the slave. A further criterion is that the angle between two straight lines is 
approximate 90 degrees. 
For finding straight lines an algorithm based on a Split-and-Merge-Algorithm described e.g. by 
Nguyen [Nguyen et al.] is used. First step is to connect the first and the last point of one segment by a 
straight line. If all points of the segment have a smaller distance to this line as a defined threshold doff , 
all these points belong to one line. Otherwise the segment must be separated again. Therefore two 
more lines will be defined to connect the first as well as the last point of the segment with that point, 
which has got the greatest distance to the first line (Figure 7). If the angle between these two new lines 
is approximately 90 degrees, which would describe a possible rectangle and the outline of the slave, 
again the first criterion is used to prove if all points belong to one straight line. In this case the detected 
object is assumed to be one of the searched ones. 

 
Figure 7: Edge detection and separation 

3.3 Object detection and calculation of relative position 
After pre-processing and edge detection the found objects have to be proofed additionally to enable the 
calculation of the relative position. Therefore the known width and length of the robots body has to be 
compared to the length of found lines in a first step. If this criterion is fulfilled, a further criterion is 
that the corresponding single lines neither consist of less than 10 data points nor of two separate 
divisions (see Figure 7).  
On the basis of the extracted found lines and their relative and absolute position the decision can be 
made which object should be used to calculate the relative position. The following table 1 shows the 
possible constellations. 
 

Table 1: Possible constellations for robot position 
constellation result 
no lines found invalid data 
more than two side- OR rear panels invalid data 
two side- AND two rear panels invalid data 
one side- OR rear panel valid data 
two side- OR two rear panels line closest to master robot will be used 
one side- AND one rear panel valid data, if lines fit together by only a very short 

distance 
two side- and one rear panel OR  
one side- and two rear panels 

valid data, if one side- and one back panel fit together, 
otherwise invalid data 
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After the selection of one line or a combination of two lines the orientation and also the position of the 
slave relative to the master can be calculated. The point of reference, used for the positioning in the 
close-up range, is the centre point of the rear axle of the slave. This point has an offset to the rear and 
side panel. To include these offsets into the calculation of the relative position in a first step the 
orientation of the slave has to be identified. 
This is done by regarding the constant measurement direction (see Figure 4) of the laser scanner, 
which is counter clockwise if the scanner is installed in a vertical direction. Figure 8 shows an 
exemplified scenario. If the first measurement point belonging to the side panel is closer to the origin 
than the last point, the orientation of the slave robot is equivalent to the orientation of the standardized 
vector vek


 (Figure 8, right sight). Otherwise the last point is closer to the origin and the orientation of 

the vector vek


 and the slave are in opposite direction. In case of equal distances the data will be 
declared as invalid and the next measurement will be used. 
In case of the situation in figure 8 on the right side the point of reference is calculated by creating a 
standardized vector normal to the vector vek


 to the right sight. Outgoing from this vector the point of 

reference can be calculated with the offset lref and bA/2.  
 

 
Figure 8: Identification of relative position and orientation 

4 CURRENT PROJECTS 
In a first project the comRoBS are utilised to develop algorithms for the simulated cooperation of a 
combine harvester (sequential loading) as well as for a forage harvester (continuous loading) and 
corresponding transportation units. Therefore Matlab/SIMULINK in combination with Stateflow is 
used to illustrate the scenario and the mechanical properties of the machines. The machine behaviour 
is calculated by single-track models and the sensor data is generated by a virtual 3D-environment. In a 
first step the route for the harvester is generated by the field and machine parameters without influence 
of surroundings. In case of a sequential overloading process the point as well as the time of rendezvous 
is calculated by exemplified parameters (distance, width of cutter bar, stand density). Based on this 
data and a map of the field the route for the transportation unit is also calculated. The control 
algorithm for both vehicles is divided into two divisions: far range and close-up range. For the far 
range the machine guidance is realised by a closed loop control using the calculated path and the LPR 
(local positioning radar). In the close-up range (during overloading process) the transportation unit is 
tracked by the harvester via the laser scanner and the closed loop control is realised by the relative 
position between the machines. Figure 9 exemplifies the generated path of the machines with the field 
borders (continuous line), the route for the harvester (dashed) and the transportation unit (dotted). 
 

http://dict.leo.org/ende?lp=ende&p=thMx..&search=sequential�
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Figure 9: Generated path for a harvester and a transportation unit 

5 CONCLUSIONS 
A flexible mobile platform for research and education has been developed at the Technische 
Universität Braunschweig. The functionality of the platform comRoBS regarding to the hardware, 
electronics and software has been proofed in first studies and demonstrations. The modular concept 
allows easy integration of more sensors, actors and software modules for a continuous further 
development. Additionally the platform size facilitates testing and developing strategies for machine 
behaviour. On the other side there are further plans for other research projects, for example using a 
combination of autonomous ground and air vehicles for exploration in difficult terrain. 
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Abstract 
This paper presents the localization system used on the John Deere R-Gator unmanned ground vehicle. 
The localization system uses an extended Kalman filter to combine data from wheel odometry, IMU 
and the SF-3050 GNSS receiver. The SF-3050 allows reception of the StarFire satellite corrections 
providing better than 10cm positioning accuracy worldwide without the use of a fixed base station. 
The integrated system allows the R-Gator to have excellent positioning information without limiting 
its operational range. Results from the R-Gator are presented, showing how the errors increase over 
time without GPS and how the R-Gator is able to retain a position fix even when GPS is lost due to 
nearby buildings and trees. 
 
Keywords 
GPS, sensor fusion, autonomous utility vehicles, off road autonomy, UGV 
 

1 INTRODUCTION 
Accurate positioning information is essential to the operation of autonomous vehicles. The positioning 
solution enables the vehicle to accurately follow paths generated by a path planner or trained paths 
taught by a human user, reference new sensor data into existing maps and detect error conditions such 
as wheel slippage. GPS provides a useful method to provide absolute position information, but without 
an RTK base station to provide corrections, errors can be too large for precise path following. RTK 
base stations require local infrastructure and can limit the range of an off road utility vehicle. 
Additionally, GPS does not work well when significant portions of the sky are obscured, by buildings 
or trees for example.  
 
Perception or vision based simultaneous localization and mapping (SLAM) is an option that is popular 
in the literature [1],[2]. It tracks visual landmarks over successive sensor scans to infer how far the 
vehicle has moved. Landmark positions can be saved, creating a map as you travel. However, it is 
difficult to get true global position information as landmarks can look different under changing 
environmental conditions. SLAM can also be computationally intensive. SLAM may be the best 
solution in the future, but today, GPS when combined with inertial and odometry sensors provides a 
robust localization system that is reliable and easy to create. 
 
This paper presents the localization system found on the R Gator unmanned ground vehicle. R Gator 
(shown in Figure 1) is a 6 wheeled, 4 wheel drive utility vehicle which is capable of autonomous and 
teleoperation operations in urban and off road environments. Designed for reconnaissance, re-supply 
and patrol missions, the R Gator needs to playback pre-recorded paths with great accuracy, even in 
GPS denied areas. The vehicle makes use of the new StarFire 3050 receiver which provides greater 
than 10cm accuracy, worldwide, with Deere’s StarFire satellite based corrections network. Centimetre 
level accuracy can be attained by setting up a local RTK base station. 
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Figure 1: R Gator 

2 LOCALIZATION SYSTEM DESIGN 
The R Gator’s localization system consists of an inertial measurement unit (IMU), quadrature encoders 
on the left and right middle wheels, and an SF-3050 GPS receiver [3].   
 

 
 

Figure 2: Localization system schematic 
 
The data from these three sources are combined in an Extended Kalman Filter (EKF), as shown in 
Figure 2 [4]. The EKF does several things for the localization system. First, it provides a location 
estimate and error estimate, giving an idea of how accurate the estimate is. This error estimate assumes 
that input errors have a Gaussian distribution, which is not always the case, but it does provide a good 
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metric for the quality of localization. Secondly, the EKF allows the three input signals to be combined 
asynchronously, so they can report data as it comes. Finally, the EKF produces a location estimate 
even during periods where GPS is unavailable.  
Figure 3 shows the algorithmic data flow of the EKF. The main processing steps, as labelled in the 
figure, are: 

1. Provide the estimation engine with an initial vehicle state (such as its rough position and 
uncertainty), if desired. While not necessary, any extra information that can be given to the 
system will improve initial performance and self-calibration. This information can also come 
from a previous run, saved as the vehicle state at shutdown. 

2. Provide vehicle dynamic constraints, such as maximum vehicle acceleration and turn rate. 
These are mandatory, since for instance an unlimited acceleration between measurements even 
milliseconds apart will completely erase the historical knowledge crucial to a filtering system. 
In other words, provided expected limits and likelihoods on all state parameters are 
responsible for two essential aspects of an estimation system: a) The ability to average 
measurements over time, b) the ability to extrapolate from a state to some time in the future 
during measurement outages. 

3. Sensors generate measurements. In our system, these measurements arrive asynchronously, 
and are time stamped by the sensor where available, and by time of reception otherwise. 

4. The sensor fusion engine first uses the time difference between the arriving measurement and 
the state time to propagate the state forward. This is achieved using both deterministic 
mappings, such as velocity incrementing position, and stochastic noise addition, where process 
noise is added to the state to represent the uncertainty increase as time proceeds with no new 
measurements. This is where the provided dynamical constraints of step 2 are used. In our 
system, we also employ sophisticated techniques to deal with measurements arriving out of 
time sequence, with further techniques to do so efficiently. 

5. In preparation for measurement processing, the updated state from step 4 is used to predict 
both the measurement, and the inferred measurement uncertainty from the uncertainty in the 
state. This prediction process can be a function of external parameters, such as the temperature 
of a sensor, where a calibration offset might be driven by this parameter. 

6. Finally, the measurement is used to improve the state estimate. Basically, the measurement 
prediction error is used to correct the state in proportion to the measurement strength vs the 
state prediction strength. If the state is able to predict the measurement with a certainty much 
greater than that reported by the measurement itself, the measurement will only have a small 
impact on the state, and it will take many measurements to move the state in a direction 
consistent with measurement offsets – this is the origin of the use of the word “filtering” to 
describe the estimation engine. The equations shown in the diagram are for an extended 
Kalman filter. In our system, we also employ sigma-point/unscented filter techniques, as well 
as measurement update iteration for convergence when non-linear (IEKF). We can also watch 
for measurement prediction errors that are much greater than their expected uncertainty to 
detect bad measurements, such as those corrupted in transmission. These measurements can 
then be skipped for use by the estimation filter, and reported as a possible indication of 
machine health issues.  

7. At any time, the state of the Kalman filter can be extracted and used by an external system. 
Usually, only a substate of the filtered state is desired, such as the position and velocity, while 
other state terms such as sensor measurement biases and scales are ignored. The state 
information can either be broadcast/published to other systems, or queried for the latest 
information. In our system, at shutdown the state is saved, and used at next startup after a long 
time update representing time off. Any external assumptions can be used at this time, such as 
knowing the vehicle has not moved since shutdown, to improve the initial performance during 
next use. 

 



 290 

 
Figure 3: Sensor fusion data flow and processing 

 
Therefore, with the EKF, the R Gator is still able to know its location during a GPS outage as it passes 
close to a building or through a forest. Without GPS, the location estimate error grows without bounds 
since it is now based solely on an inertial measurement (IMU + odometry) which typically experiences 
significant drift. However, as the specifications in Table 1 show, the R Gator has a high performance 
IMU and when GPS signals return, the EKF is able to improve the location estimate and reduce the 
error. 
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Table 1: IMU Specifications 
Update Rate 100 Hz 

Attitude Static Accuracy 1.5 degrees 
Angular Rate Bias < 20 degrees/hour 

Scale Factor < 1.5 % 
Non-Linearity < 1.5 % FS 
Random Walk < 0.4 degrees/hour1/2 

Acceleration Range 4 g 
Operating Temperature -40 to 71 C 

2.1 Starfire 3050 receiver 
The SF-3050 Global Navigation Satellite Service (GNSS) receiver is capable of receiving signals from 
the GPS, GLONASS and Galileo satellites. Using satellites from multiple constellations increases the 
number of visible satellites and increases the chance of maintaining a solution. The SF-3050 supports 
RTK, RTK Extend, WAAS and StarFire solution modes (solution accuracies in Table 2). 
 

Table 2: SF-3050 Solution Accuracies [5] 
Mode Horizontal Accuracy (RMS) 
RTK 1cm 
RTK Extend 3 cm 
StarFire < 10 cm 
WAAS 45 cm 

 
StarFire is a satellite based differential correction system giving <10cm accuracy world wide without 
the use of a fixed base station. GPS orbit and clock correction signals are sent to users worldwide 
based on data collected at worldwide reference sites. Reference site data is related to a central 
processing hub where corrections are computed. These real-time corrections in turn are sent to GEO 
uplink stations, uplinked to geosynchronous satellites and transmitted down to StarFire users. The 
constellation of geosynchronous satellites covers the entire world, except the two polar regions. 
StarFire is widely used in precision agriculture applications such as AutoTrac to guide tractors and 
harvesters in fields around the world. 

3 RESULTS AND DISCUSSION 
A sampling of system performance and usage is shown below. First, an open-sky oval test is 
performed, and GPS outage simulated in post processing to evaluate and tune dead-reckoning (DR) 
performance. Next, an area with poor GPS performance due to building and tree obstruction is 
navigated, and the full sensor fusion system’s performance is shown. 
 
Figure 4 shows a test oval driven near Deere headquarters, with its GPS positions superimposed on a 
satellite image. The vehicle started near the NW corner (gap in trajectory) and drove clockwise. It is an 
open-sky environment and GPS performance was very good. 
 
Running the sensor fusion system on such data with good GPS measurements and displaying the 
results would be mostly uneventful, with only information on heading accuracy gleaned from the 
combination of allowed vehicle dynamics and the GPS measurement accuracy. More interesting is to 
throw away sections of GPS data, observe how well each of the DR components perform, and measure 
the associated predicted error growth during such an outage (Note: post processing data in this way is 
a key part of our systems analysis, where a single data set is rerun through the same onboard filter with 
different assumptions and different data subsets, to optimize and understand system performance). In 
Figure 5, two sections of GPS data are removed and only vehicle odometry (wheel measurements of 
speed and bearing) is used. The vehicle starts at rest at point A, travels about 40m in a nearly straight 
line to B, where GPS measurements are then removed through a turn to C. During this time, the 
uncertainty position grows from the known poor quality of odometry measurements, particularly from 
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wheel slip while turning. This is illustrated in Figure 5 by the growing sizes of the blue ellipses which 
indicate uncertainty at each estimation point. The larger the ellipse, the larger the uncertainty in the 
position estimate. Just before GPS measurements are resumed, the estimate of position, at point D, is 
severely incorrect: far inside of the actual turn. Estimated heading (indicated by the slope of the blue 
line) is also very inaccurate with just odometry. When GPS does turn back on, the fusion engine 
corrects the position almost immediately to point C, and corrects the heading error over the next 
fraction of a second. The complete cycle is repeated through points C, E, F, and G. Note that the DR 
estimate error at G is much different than at D, showing the variability in odometry. Also note that 
normally odometry is not this bad, but we’ve driven the machine to accentuate this behaviour for sake 
of illustration. 
 

 
Figure 4: Test oval, GPS measurements 

 

 
Figure 5: Test oval, with some GPS data removed in post processing, showing odometry DR 

performance. Refer to text for meaning of labels. 
 
In Figure 6, we repeat the post processing with GPS sections removed, but now use the IMU 
measurements for heading estimation during DR. The speed from odometry is still used, and the 

B 
A 

D 

C 

E 

F 
G 



 293 

accuracy obtained at the resumption of GPS (both from negligible position error and small uncertainty 
growth during the turn) shows both that IMUs are much more accurate for heading estimation that 
odometry, and that speed measurements via odometry tend to be better than estimates of turning. 
 

 
Figure 6: Test oval, with GPS measurements removed, and gyro used for heading estimate 

during DR 
 
With the system tested and tuned on the test track via post processing, we can now proceed to real 
testing in a GPS-challenged area. Figure 7 shows an area of very poor GPS measurements from sky 
obstructions caused by a building and tree shading. The red ellipses show GPS uncertainty. The 
vehicle path starts near the top, left, and travels counter-clockwise around the building, where the GPS 
errors grow and multi-metre GPS position jumps are observed. The blue trace shows the estimated 
position with error ellipses; the estimate is combining all measurements based on their reported 
uncertainties – GPS, IMU, and odometry. You can see that the estimates are much better and trajectory 
smoother than raw GPS. The EKF of the localization system has allowed the R-Gator to maintain a 
useable position estimate even with large errors and outages of GPS. 

4 CONCLUSION 
The R Gator unmanned ground vehicle uses an extended Kalman filter (EKF) to combine position 
information from wheel encoders, IMU and SF-3050 GNSS. The EKF provides an estimate of position 
error and allows the vehicle to continue tracking paths during GPS outages. 
 
The SF-3050 GNSS receiver is able to access the StarFire satellite correction system which is very 
useful for unmanned ground vehicles. It provides < 10 cm accuracy world wide without the need for 
any local base station infrastructure, so the range of the unmanned vehicle is not limited by an RTK 
base station. 
 
The paper showed some results taken from the R-Gator vehicle, showing how position errors grew 
with just odometry and compared that to odometry along with IMU and/or GPS. The localization 
system adds robustness to the R-Gator system, allowing it to maintain position estimates, along with 
knowledge of their errors even in the absence of one or more position sensor data. 
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Figure 7: Navigation in an area with poor GPS reception. 
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Abstract 
Technology that uses inertials in combination with Dozer 3DMC GPS control. These high speed 
motion detections keep track of the machines movements at a rate of 100 Hz. In combination with 
Real Time GPS positioning makes it possible for dozers to operate in 3rd gear with the highest 
accuracies. [Twice the speed, twice the accuracy – 3DMC²]. 
 
Inertials bring new possibilities to the venue of machine control. In stead of measuring, calculating and 
projecting to design models at one given timeframe, it gives possibilities to predict with measurements 
and the same design model what is coming ahead and anticipate to this. 
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Abstract 
A concept of a modular system architecture for plant phenotyping with an autonomous robot has been 
developed and realized. The system takes into account the inclusion of several sensors - placed at 
different positions - with a broad range of data volume and data rates. The database confirms the 
online data storage of sensor data including position and times steps with RTK-DGPS accuracy, 
thereby allowing single plant analysis. Moreover the configuration of the gateways and sensors and the 
error handling are other tasks of the database. The human-machine interface allows a flexible setting 
of parameters and the inclusion of additional sensors. The data of the spectral and morphological 
sensor and positioning information can be accessed by standard software tools for plant phenotyping 
analysis. Moreover, as part of the architecture for an autonomous field robot the system has a high 
potential for further applications in this field. 

Keywords 
System architecture, autonomous field robots, plant phenotyping, sensor fusion 

1 INTRODUCTION 

Phenotyping is the key technology for the evaluation of plants in field trials (Montes et al. 2007). The 
benefit of analyzing the information is the ability to develop strategies for new procedures in order to 
optimize plant quality or their processing, e.g. during the harvest. Next to spectral information one 
important part of these phenotyping methods is the exact measurement of the plant’s morphological 
characteristics. For example, typical parameters of interest are the plant profile, leaf sizes, leaf 
configuration including the angle, plant height or stem thickness.  
Until now this analysis is typically executed manually by experts judging the field situation by 
characterizing random samples taken on the field plot. Since this analysis has to be done manually, it 
is very time consuming, generates high costs and has a varying reliability. Moreover, the phenotyping 
is performed by different experts, this may cause additional variations. Taking into account these 
effects it is often difficult to compare data sets or to develop new strategies for the growth process. 
As a consequence, the implementation of sensors, system technologies and algorithms for automatic 
phenotyping are of increasing importance to overcome the disadvantages of the manual methods 
described above. While static measurements – typically imaging applications – can be performed 
under well-defined measurement conditions, online applications in the field are still a challenge for 
corresponding technologies (Nagasaka et al. 2004). The benefits of such methods are the 
comparability of data sets, the objectivity of the data and the measurement in real-time on moving 
vehicles. The authors have recently shown that a sensor fusion concept together with a high resolution 
GPS system is even able to analyze (and re-analyze) each single plant (Fender et al. 2006). In 
combination with an autonomous field robot, it should even be possible to detect all plants in their 
different growth stages.  

2 BONIROB 
This work is part of the development of such a field scout for individual plant phenotyping, named 
BoniRob (Ruckelshausen et al. 2009) (see Figure 1). The system architecture of the autonomous field 

This paper has been accepted as a „peer reviewed paper” by the scientific committee 
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robot BoniRob includes a navigation module for the control of the robot, a speed and steering module 
for the control of the motors and hydraulics of the robot, a phenotyping module for the calculation of 
plant parameters, and a sensor module.  
 

 
Figure 1: BoniRob 

 
The sensor module contains the sensors integrated into the robots system architecture. Their 
measurement data can be used as a base for the calculations of the phenotyping algorithms. Besides 
this the data can be used as an additional data source for the navigation module. The phenotyping of 
plants, performed by this robot, includes the measurement of the morphological and physiological 
characteristics, as well as statistical overviews of the field plot. The parameters to be measured can be 
found in Table 1.  
 

Table 1: Plant parameters for phenotyping with BoniRob (RUCKELSHAUSEN 2009) 
PARAMETER OUTCOME 
Number of plants,  
crop density 

Population density 

Spacing in the row Plant distribution  
Plant height Phenotypic characterisation 
Steam thickness Phenotypic characterisation 
Spectral reflexion Plant aberrations, absorption of chlorophyll, moisture 
Ground cover, coverage level, Ratio 
crop/soil 

Assimilation area, competitive effect against weed 

Phyllotaxis Phenotypic characterisation 
Biomass Water supply, pathogen stress 
Growth Environmental conditions 
Development of single plants/patches Differentiation of population 

 
To perform the automated phenotyping of the maize plant the robot is equipped with sensors of 
different types, to measure the characteristics of the plants. According to this, these sensors need to be 
combined in a system module, supplying the measured sensor data to a central processing unit for the 
calculation of the plant parameters which is placed in the mentioned phenotyping module. The sensors 
used for the calculation of the plant parameters can be found in 
Table 2. 
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Table 2: BoniRob sensor overview 

Sensor type Interface 
3D ToF camera Ethernet 
Hyper spectral imaging system (NIR) Ethernet 
Hyper spectral imaging system (VIS) USB 
Laser distance sensor Analogue 
Light curtain RS232 
RTK GPS RS232 
 
Besides the different interfaces of the different sensors used for the phenotyping of plants, the sensors 
generate measurement data in different formats and data types with varying data rates.  
To be able to develop a system structure for the plant phenotyping with an autonomous field robot it 
was necessary to define requirements. The system structure has to be able to handle different: 

- sensor types 
- positions of the sensors 
- data formats 
- varying data rates 
- sensor settings 

Besides this the system structure has to: 
- be flexible 
- be extensible 
- guarantee data consistence  
- guarantee reliable online measurements  
- enable the user to perform an offline analysis of the recorded data 
- be transparent for debugging purposes 
- provide easy ways to interact with the system and to access the data 

3 SYSTEM ARCHITECTURE 
According to the described general system architecture, the system structure for the acquisition of 
sensor data, the data storage and data analysis was developed. This structure contains the system 
components of the phenotyping control system, as well as the interfaces connecting this control system 
to the navigation, speed and steering control system (see Figure 2). In this paper the focus will be on 
the phenotyping control system and the sensor system. To have a flexible system it was decided to use 
a modular structure. This modular system structure is built up using a decentralize preprocessing of 
sensor data and a central data storage. To have a structured and consistent data storage system for the 
huge amount of sensor data, with an easy way to query data, it was reasonable to use a database server. 
Besides this it was necessary to integrate a high speed bus system as a backbone, connecting the 
different components of the system and enabling a reliable data exchange using a standardized transfer 
protocol and data encapsulation for all bus members.  

 
Figure 2: Complete BoniRob system structure 
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With the high data volume produced by some of the sensors it was decided to use a Gigabit Ethernet as 
a central bus system to reduce possible occurring latencies and to have a bandwidth reserve for 
additional sensor. The advantages of this concept are the high extensibility as a result of the 
modularity, transparency as a result of the standardized protocols and preprocessing of the data, and an 
easy accessibility of the sensor data by using only one data storage point.  
Therefore the system is equipped with several embedded systems and a central PC system which is 
used as the central data storage using a MySQL database server. The embedded systems are based on 
different microcontroller boards that are equipped with different interfaces like: USB, RS232, Ethernet 
and AD-converters. Main tasks of these embedded systems are the configuration of the attached 
sensors, the collection of the sensor data and the transmission of this data to the central data storage. 
Since these microcontroller boards can be considered to be an interface between the sensors and the 
data storage they are called gateway boards. These gateways give the possibility to use different sensor 
types with different interfaces in the system architecture. To have a common software structure for the 
different hardware it was decided to use a Linux with 2.6 Kernel as an operating system.  
Besides the main tasks of interfacing the sensor system to the central PC the embedded systems are 
used for labeling the data. Since the sensor data highly depends on the time and on the exact position 
of the measurement a timestamp in combination with a position stamp is used. To transmit the 
measurement data from the gateway boards to the data storage the client-server based XML-RPC 
protocol for HTTP connections is used. The benefit of this approach is the high transparency of the 
data packets as a result of the standardized way of transmitting the XML encoded data over the 
Ethernet link. Besides this, another advantage of XML-RPC is the high amount of available software 
implementations of this protocol for many programming languages and platforms. To transmit the data 
as well as the time and position stamps the standard data types of the XML-RPC protocol are used (see 
Table 3, Table 4). 
 

Table 3: XML data types for sensors 
Sensor type Data type  
3D ToF camera base64  
Hyper spectral imaging system (NIR) base64  
Hyper spectral imaging system (VIS) base64  
Laser distance sensor integer  
Light curtain string  
RTK GPS string  
 
 
 

Table 4: Data labels 
Stamps Data type 
Position integer 
Time 2x integer  

(date + time  integer, milliseconds  integer) 
 
 
To be able to do a performance analysis and to be able to check the time one sensor system needs for 
the processing of the data, the packets contain, besides the encoded data, a time stamp and a position 
stamp taken at the start of the measurement and a time stamp and a position stamp taken at the end of 
the measurement. Since it is important to know the exact timing of the measurement process, the 
common time stamp is extended by the milliseconds. An example of a XML-RPC packet for distance 
image data created by the 3D ToF cameras using the XML tag based encapsulation can be found in 
Figure 3. 
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Figure 3: Example for a XML based  data encapsulation for XML-RPC 

 
To have a reliable time stamp, it was necessary to implement synchronization methods for the real 
time clocks of the embedded systems and the central PC system. Therefore a NTP (Network Time 
Protocol) server was installed on the PC which is used by the gateway board periodically for the 
synchronization. In contrast to this the position information is actively synchronized by a UDP 
broadcast over the whole subnet which is send by the speed control system. This broadcast packet 
contains the actual rotary encoder position of the robot. To guarantee a fast and reliable distribution of 
these packets, all QoS (Quality of Service) capable devices (like the switches, embedded systems and 
the central PC) have been set to prioritize the broadcast packets.     
   

 
Figure 4: Process structure of the gateway boards 

 
The software running on the embedded systems is split up into different tasks (see Figure 4). The first 
one of these tasks is the communication with the attached sensor systems, which contains the 
implementation of a device driver to enable the embedded system to change settings and to read out 
the data of the measurements. To be able to communicate with more than one sensor system at a time 
using just one gateway a new process is created for each sensor connected. This enables a parallel 
processing of the first task for the sensors. Moreover, a XML-RPC client was implemented into each 
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of the mentioned process to perform the encapsulation and transmission of the data to the central data 
storage as soon as a new measurement is finished. According to need to label the measurement data 
with a position stamp and a time stamp, the second and third important tasks are concerned with the 
reception of the position broadcasts and the synchronization of the system clock. Therefore a socket 
server, listening to on the UDP port assigned to broadcast packets, and a NTP client, performing 
periodical updates, are running in separate process.  
To enable the user to change the settings of the sensors, as a fourth tasks, a XML-RPC server was 
implemented for each attached sensor system. This server is able to receive and to decode XML 
encoded data, send by any PC on the network. With this configuration it is possible to query all 
possible settings of a sensor system by sending a XML-RPC packet containing the method name 
“QuerySettings” to the XML-RPC server assigned to the sensor (see Figure 5).  
 

 
Figure 5: Query of available sensor settings using XML-RPC 

 
The result of this query is a response made by the XML-RPC server with an attached array containing 
a list of the sensor parameters, data types and actual settings. To change the settings the values of this 
array can be changed and are sent back to the gateway board using the XML-RPC method 
“ChangeSettings” (see Figure 6).   
 
 
. 

 
Figure 6: Response to settings query and  XML-RPC structure used for changing of settings 

 
 
To accept the data sent by the embedded systems, a process containing a XML-RPC server for every 
single sensor is implemented into the central PC. These servers are decoding the labeled sensor data 
and adding them into the MySQL database. Besides the sensor data the database also contains the 
configuration of the sensors.  
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Figure 7: Example system structure 

 
To be able to assign the sensor data to the right data table, the configuration tables include TCP port 
numbers that were assigned for every single connection between the XML-RPC servers of the central 
PC and the XML-RPC clients of the embedded systems. An example system structure for different 
sensor can be found in Figure 7. In this example five gateway boards were used to build up a 
connection between the MySQL database and the sensors as described above, including the assigned 
IP addresses and TCP/UDP port numbers. It is also possible to see, that for this system structure a 
network router board with integrated switch, which is an embedded system that can be equipped with a 
Linux 2.4 Kernel, was used to connect to the 3D ToF cameras. The advantage of a connection like this 
is that the traffic generated between the gateway and the cameras for configuration and transmission of 
the distance images is not disturbing the traffic of the central Gigabit Ethernet bus.    
 

4 DATABASE 
Figure 8 is showing the Entity-Relationship model of the database system. The entities of this model 
represent the tables of the database. As mentioned above, the database is used for the storing of 
measurement data and the configuration data of the gateways and sensors. Another task of the database 
is to save all error notifications of the processes communicating with the gateway boards over the 
XML-RPC connection.  
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The table “Sensor” of the database contains all connected sensors with their assigned configuration. 
Besides this, it also contain the configuration data that is needed by all sensor types, like the IP address 
of the gateway and the TCP ports for the XML-RPC connection assigned to the sensor. 
Since several different sensor types are used for the system architecture which result in different data 
formats, data sizes and possible settings, it was necessary to implement another table for each of the 
different types. These tables, named “3D”, “Triangulation sensor”, …, are equipped with data fields 
according to their additional needed settings. To be able to used different predefined settings for one 
sensor type, it is possible to place more than one data set in these tables. The used settings data set is 
saved as a reference together with the recorded measurement data to be able to connect the chosen 
settings to a measurement after the test run.  
The table “Error” is used to hold all occurring errors of the system. With this a central point for error 
messages for an easy troubleshooting process was created. The table “Measurement” is the central and 
most important table of the database. It is used for storing the every measurement of every sensor in 
combination with the related time and position stamps and value called “SensorID”. With this 
“SensorID”, which is the primary key value of the “Sensor” table, it is possible to assign a sensor to 
the measurement data. Since the sensors generate a different amount of data, a generalization had to be 
used. Therefore, every sensor was given its own table to store its measurement data. These tables are a 
specialization of the table “Measurement”. Although this concept results in complex SQL queries, the 
advantage is that the measurement data is stored in the database which is monitored by the database 
system. 
 

 
Figure 8: Entity relationship model of the database 
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5 CONCLUSION 
A modular system structure for individual plant phenotyping with an autonomous field robot was 
developed. This system enables reliable online measurements using different sensor types with 
different interfaces, data rates, settings and data formats. The structure was implemented using 
decentralized embedded systems connecting the different sensors to a central database, using a central 
Gigabit Ethernet bus. This results in a flexible and extensible system, making it easy to include new 
sensors to the system, independent of its type and position, with a structured and consistent storing of 
the data. To have a standardized and transparent transmission of the measurement data from the 
embedded systems to the central data storage, an encapsulation using the XML-RPC protocol was 
implemented. Besides the transmission of the data, this protocol is also used to enable the user to 
configure the sensors attached to the system structure in a comfortable way. The synchronization of 
the data is performed using time and position stamps implemented into the XML data structure. With 
the usage of a database as a central data storage for the measurement data, the user is able to easily 
query the data for an offline analysis. 
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Abstract 
This paper presents the results of an autonomous John Deere 6430 tractor performing mowing tasks in 
an orange grove in Florida. The vehicle is designed to be part of a multi-vehicle orchard care system 
where a single human operator supervises the autonomous vehicles. This paper describes the 
perception and communications systems on the vehicle. The vehicle is currently undergoing long term 
tests to understand the problem and get customer feedback.  
 
Keywords 
Field Robotics, supervisory control, autonomous, orchard automation 
 

1 INTRODUCTION 
Orchards and groves have many labour intensive tasks which must be performed to help maximize the 
yields produced by the trees. As labour costs rise, and reliable labour becomes harder to find, orchard 
owners are looking for methods to improve productivity and lower costs in the long run. Some labour 
intensive tasks in an orchard, such as harvest, are very difficult to automate, while others, such as 
mowing and spraying, are easier applications for initial automation. Currently, mowing and spraying 
are done with one person per tractor and some orchards have multiple tractors in the field performing 
these tasks simultaneously. It is possible to improve productivity by having a single operator supervise 
several semi-autonomous vehicles, intervening only when a tractor encounters something it cannot 
handle autonomously. 

 
Figure 1: Multiple Vehicles Under Supervisory Control in an Orchard Setting 

 
Figure 1 shows a remote supervisor monitoring four tractors operating in a single orchard through a 
communications network. Conceptually, having a single operator supervise multiple vehicles mowing 
and spraying in an orchard is quite simple. However, implementing such a system in a real orchard, 
safely and reliably, is a challenge. The automated tractors must be able to detect obstacles accidentally 
left in their paths. They must also be able to operate with the possibility of people in the work area – 
such as at a chemical fill station – and do that safely. With the human driver gone, the tractors must 
also monitor their health and the functionality of the towed mower or sprayer to make sure that the 
task is being performed correctly. Finally, the tractor needs to be able to communicate relevant data 
back to the remote supervisor so that they can make an informed decision about what to do in an 
exception.  
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A further challenge is how to present the remote supervisor with a user interface that provides all the 
functionality necessary, yet is still easy to use by someone who may not be trained in computers. As 
the number of tractors supervised by a single operator increases, the user interface must present the 
relevant data without overwhelming the supervisor. 
 
Currently, a single tractor system is being tested in a Florida orange grove. The vehicle is mowing and 
spraying while supervised by a remote operator. The tests provide a means to improve reliability of the 
system, verify communications and GPS coverage and allow the perception system to be tuned for 
local conditions. As the vehicle operates, statistics on the number of supervisor interventions (which 
occur when the vehicle encounters a situation it cannot resolve) are collected. This will provide data 
on how many vehicles a single person can control. How the system can be integrated with the existing 
orchard work flow and used by existing staff is also an important lesson from the field trials. 

2 AUTONOMOUS TRACTOR 
The John Deere 6430 tractor was selected for this project as this was the size of tractor currently used 
by the owners of our test site for mowing and spraying tasks. It has 95 PTO hp which is sufficient to 
power the 10 and 15 foot towed mowers as well as the sprayer. In addition, the vehicle has several 
features which make it useful for an autonomous system. It comes AutoTrac ready [4] allowing a GPS 
unit to be installed and connected to the CAN bus. This also means that the vehicle comes with steer 
by wire, allowing the computers to easily control steering. The climate controlled cab, provides a 
useful place to install test computers and engineers, protecting them from the Florida heat.  
 
To autonomously control the tractor, an Intelligent Vehicle Controller (IVC) was created and 
connected to the implement CAN bus of the tractor. This allows the IVC to send speed, steering and 
PTO commands to the vehicle controllers and receive tractor status. To the tractor, the IVC appears to 
be a farm implement and the two communicate to each other using the ISO 11783 standard. This 
architecture is described more fully in [2]. 
 

 
Figure 2: Test Vehicle in Orchard 
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The IVC is responsible for the mission execution, path tracking, vehicle state and communications 
with the remote user. The IVC receives the mission plans from the user and provides the user with 
vehicle state information (including position) as well as alerting the user when the tractor requires 
assistance. The IVC also communicates to the perception system which is also located on the vehicle. 
Both user and perception communications occur over Ethernet. 

3 PERCEPTION 
The perception system views the external environment, creating local 3D maps to detect obstacles and 
allow the tractor to stop before contact is made. The sensors for the perception system were installed at 
the front of the tractor cab and on the front bumper as shown in figure 2. The system makes use of 
cameras, laser scanner and radar and combines all of the data gathered into a single representation [1]. 
The use of sensor fusion for the perception system allows each sensor’s strengths to be leveraged and 
allows the vehicle to operate in a wide range of environmental conditions such as rain, dust, night and 
of course sunshine. 
 
Figure 3 shows many typical obstacles that may be present in an orchard environment. They fall 
largely into two categories: permanent and transitory. Fixed obstacles can, and in some cases are, 
included into the a priori map of the orchard which the tractor uses to plan paths. This is especially 
true for ditches which are difficult to detect early and are prevalent in the grove for drainage purposes. 
However, it is time consuming and not feasible to put all fixed obstacles in the map, so the perception 
system must be capable of detecting them. Transitory obstacles cannot be placed in the map since they 
are capable of moving and should not be present. The perception system needs to detect these when 
they are present and be able to determine when they have moved away so that the mission can 
proceed. 
 

 
Figure 3 : Typical Obstacles in a Citrus Grove. Clockwise from top left: pumping station, water pipe, 

telephone pole, utility vehicle, harvest box, person. 
 
The perception system processes the data collected from the sensors and maintains a 3D point cloud of 
raw data in the region in front of the tractor. Using this data, it determines if an obstacle is present. 
This is challenging since it needs to understand that it is necessary to drive close to the trees but not 
telephone poles or other vehicles. Additionally, the vehicle must be capable of pushing through the 
odd branch that has grown into the lane, and drive through tall grass that has yet to be mowed.  
 
Once real obstacles have been detected in the point cloud, the perception system computes a safe 
speed which it sends to the IVC. The safe speed indicates how fast the tractor can drive while still 
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maintaining safety. The closer the obstacle is to the tractor the lower the safe speed is, bringing the 
tractor to a smooth stop several meters away from the obstacle. Slowing down, instead of stopping, 
when and obstacle is far away, allows the perception system to collect many more scans of the scene 
and helps determine if the obstacle is really present. Once the tractor is stopped, the remote supervisor 
is alerted and images are presented so that he can ascertain the situation. Since there is no room in the 
orchard lanes to drive around anything, the remote supervisor must intervene. 

4 COMMUNICATIONS 
The supervisory control of multiple tractors requires a communications system capable of reaching all 
parts of the orchard, to allow the tractor to return status information, inform the supervisor of any 
problems and allow the supervisor to assign vehicles tasks and stop them at any time.  
 
There are two types of messages in the system: small, time critical messages and large non-time 
critical messages. The small messages are heartbeats and state information that allow the supervisor to 
always be in control of the vehicle when necessary. The larger messages are mainly images sent by the 
vehicle to provide context to the supervisor when something has caused the vehicle to stop. Since the 
supervisor is not teleoperating the vehicle, merely supervising it, these messages can be delayed 
slightly without affecting performance. 
 
Due to these two types of messages, a dual communications system was setup in the orange grove. A 
low bandwidth, but highly reliable network at 900 MHz (a public frequency in the United States) is 
used to carry vehicle state and heartbeat messages. If this network drops messages, the vehicle will not 
receive a heartbeat from the supervisor and will stop. The second network is based on a 2.4 GHz 
(again a public frequency in the United States, but prone to absorption by foliage) which provides high 
bandwidth communications suitable for the transfer of large images. This network is not as reliable as 
the 900 MHz and so some packets can be lost and must be re-transmitted. A communications gateway 
computer actively manages the bandwidth on both networks and ensures high priority messages get 
through first. 
 
Ensuring communications throughout the orchard requires the installation of some network 
infrastructure. The orange grove under test comprises 3300 acres of orange trees with some 
intervening areas of swamp that has large wild trees. A 120 foot tower was installed at a base station 
for both the 900 MHz and 2.4 GHz networks. The supervisor can connect to the vehicle through the 
tower and vice versa. Because of the tall wild trees inside areas of the grove, some regions are shielded 
from the tower; small repeaters have been setup to help fill them in. 

5 CONCLUSIONS 
The supervisory control system described in this paper is currently being tested in a Florida orange 
grove. The field tests have shown that a remote operator can control a semi-autonomous tractor 
performing the tasks of mowing the grass between the rows of trees and spraying. 
 
One portion of the test is to see how well the safeguarding system can detect obstacles while keeping 
false positives to a reasonable, low, level. In addition, the tests will show if it is possible for the 
supervisor to make correct decisions about the presence of an obstacle in the camera images shown by 
the system. 
 
Communications between the tractor and supervisor are also an important function. Initial tests have 
shown that a single repeater tower of 120 feet was sufficient to cover almost the entire 3300 tree acre 
grove. However, some small dead zones were still present due to tall trees (non-citrus) growing in 
swampy areas of the grove, necessitating the use of small repeaters. 
 
In addition to the baseline project of automating the tractor for mowing operations, we are working 
with a Carnegie Mellon University led project funded by the USDA’s Specialty Crop Research 
Initiative. The USDA project will make use of our automated tractor and communication infrastructure 
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to look at detecting disease through computer vision, estimating crop yield and canopy volume and 
performing smart spraying to minimize chemical usage [3]. These functions make use of the 
positioning and control provided by the autonomous tractors, and will provide an additional benefit to 
the farmer. 
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Abstract 
The European Commission (EC) uses European Technology Platforms (ETPs) as a powerful tool to 
identify major scientific issues for European research programmes. The open MANUFUTURE ETP 
currently has nearly 2000 members and focuses on research in the industrial production sector. One 
important activity within MANUFUTURE is the Agricultural Engineering and Technologies Sub-
Technology-Platform (Sub-ETP) which was established in 2006 mainly driven by the German VDMA 
and the VDI-MEG and represents Europe’s agricultural engineering research community at the EC 
Directorate General Research.  
 
The European Factories of the Future Research Association (EFFRA) is the newly founded legal body 
of MANUFUTURE for an aspired joint project agency in a Public Private Partnership with the EC. 
EFFRA, MANUFUTURE, and AET now set up future roadmaps for the next years and the next 
decade. For this, the AET recently developed its Implementation Plan III (IP III) in three Expert 
Groups (EGs). Exemplarily from IP III, two main topics (not exclusively) addressing machine control 
and guidance are: 
 
a) Smart Sustainable Agricultural Production Machines Systems and Architectures: The objectives of 

this topic are integrated autonomous machine systems operating on the basis of high level model 
software, new system architectures and new machinery drive trains as described as follows. 

 
b) Innovative power train technology in mobile working machines: As in on-road transport, 

agricultural machinery will have to meet future greenhouse gas emission goals. In front the 
background of automatic machine guidance and control, the essential feature of new drive 
technology is to enable agricultural vehicles becoming mobile “factory like” tool machines and 
thus, for developing highly-integrated agricultural platforms in seamless cooperation with next 
generation farm management software. At the same time new drive train concepts must contribute 
to a significant reduction of energy consumption. 

 
Keywords 
ETP, Technology Platform, Industrial Automation, Robotics, MANUFUTURE, AET, NMP 
 

1 THE MANUFUTURE AET COMMUNITY IN THE LIGHT OF FP7 
BASICS 

With a total funding budget of 50 billion € the so called 7th Framework Programme (FP7) is the largest 
research, technology, and development (RTD) programme in the EU27 and associated countries. 
Currently we are in the middle of the period of FP7 which lasts from 2006 to 2013 (this period for 
publication of calls for proposals – granted projects might last longer).  
 
The FP7 funding budget covers several specific programmes. Amongst these, the programme 
“Collaborative Projects” is of highest interest for agricultural machinery and equipment industry and 
other agricultural engineering research as well as for related branches. This specific programme is split 
up into 10 themes: 
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1. Health 
2. Knowledge Based Bio-Economy (KBBE, stands for  general research activities in the fields of 

agriculture, forestry, biotechnology and so on) 
3. Information & Comm. Tech. (ICT) 
4. Nano, Materials & Production (NMP, stands for production technology and related areas) 
5. Energy (EN) 
6. Environment (ENV) 
7. Transport (TR) 
8. Socio-economic Research 
9. Space 
10. Security 

 
Since the very initial introduction of FP7 the EC has been looking for experts and stakeholders who 
support setting up calls for proposals. From the point of view of the EC, European Technology 
Platforms (ETPs) are one powerful tool or structure to provide such support. The ETPs are lobbies of 
stakeholders which typically are not organized as legal entities but are expert groups open to all 
stakeholders and other interested persons. Currently 36 ETPs are registered at the EC. 
 
The ETPs usually formulate their mid and long term RTD needs in specific roadmaps and vision 
documents (most times called Strategic Research Agendas, SRAs, and /or Vision Statements). In a 
regular revision process the ETPs prioritize research topics from the SRAs and thus develop short term 
workprogrammes or implementation plans (IPs). These plans are submitted and discussed with the 
ECs and thus form important contextual contribution to upcoming calls for project proposals. 
 

 
Figure 1: Principle functional procedure of the ETPs 

 
European agricultural industries and research institutes have hardly been involved in FP1 to FP6. 
Initially driven by the German VDMA and the agricultural engineering division of the German Society 
of Engineers (VDI-MEG) – namely by Dr. Ludger Frerichs – a group of European Agricultural 
Engineers started a new activity to overcome this unsatisfying situation in 2006. As a first measure, a 
working group named Agricultural Engineering and Technologies (AET) was founded. Since there is a 
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strong connection of agricultural engineering to industrial production and manufacturing technologies 
AET was implemented as a Sub-ETP under the umbrella of the major European Technology Platform 
MANUFUTURE which represents stakeholders and experts from the whole industrial production 
sector. Thus, theme no. 4 NMP (see above) is somehow the home of the AET community. But due to 
the (cross sectoral) nature of agricultural technology there are also strong relationships to the other 
themes especially of course into the field of KBBE. 
 
AET aims at maintaining the European leadership in agricultural technologies through targeting the 
decision makers at European level so that the FP7 call topics reflect the needs of the European industry 
and by providing an open European platform that initiates collaborative RTD activities in the AET 
sector.  
 
In the mean time AET has more than 200 members and brings together representatives from industry, 
academic and research institutes and the European Commission’s DG Research to shape agricultural 
research and technology to the needs of the future. 
 
MANUFUTURE and AET both provide an information exchange, allowing members to discuss views 
on respective research needs. AET organises conferences on agricultural engineering and technology 
research issues and increases the reputation of the sector to business, industry and the public. 
 
The AET’s Strategic Research Agenda, developed in 2006, has identified key research areas such as 
automation and robotics including inter-vehicle communication and in-vehicle networks; sustainable 
supply systems for renewable energy for mobile machinery, innovative safety and driving systems, 
and biomass logistics. The industry needs to develop integrated or holistic technologies such as 
precision farming techniques, where sensors are used to measure things such as crop yields, soil 
quality and moisture levels and where a central management system controls the differentiated 
processes. Highly automated machines and robots are also needed to be developed to carry out routine 
farming tasks such as milking and shepherding. The future of agriculture will depend on sophisticated 
machinery and a high level of electronic communication to ensure farms produce food cost-efficiently 
and with as little damage to the environment as possible.  
 
AET’s vision also is equipment and machinery far beyond state of the art helping “farms of the future” 
to run their own businesses efficiently. Electronics, automation and robotics should be widely used.  
Wireless communication technologies will offer access to spread farming facilities and link them to 
decentralised web-based processing and information sources. New power train systems will include 
decentralised electric drives and tractors, and self-propelled farm machinery will be fully automated. 
Automatic data gathering for documentation purposes and for improved farm management will be a 
fundamental component in all farm equipment technologies. 

2 STRUCTURAL CHANGES OF MANUFUTURE TOWARDS PUBLIC 
PRIVATE PARTNERSHIPS 

The already established consultation structures (namely the ETPs) will strongly influence the future 
workprogrammes within FP7 but of course the time horizon of all activities is beyond FP7 and already 
today affects the 8th FP. So, participation in ETP activities is a must for all who want to benefit from 
EU research policies.  
 
Although the structure of MANUFUTURE and AET has been just been well established it is already a 
matter of change. The MANUFUTURE ETP decided to apply for an intensified partnership model 
with the EC called Joint Technology Initiative which is a kind of a project agency financed through 
public private partnership (PPP) by the EC and stakeholders of MANUFUTURE. For this, a legal 
entity representing MANUFUTURE was founded in April 2009. This legal entity is the European 
Factories of the Future Association (EFFRA). 
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Actually, it is absolutely uncertain if the specific idea of forming a PPP-based JTI will ever be 
realised. But it is clearly visible that the EC will enforce PPP-models in some way for the 
implementation of research programmes. Therefore, it is currently turning out that no longer 
MANUFUTURE will be the contact to the EC with respect to NMP research but EFFRA in which the 
specific interests of the AET community today seem to be underrepresented. Although AET gets full 
support from CEMA, EurAgEng, VDMA, VDI-MEG and other organisations additional members 
from the AET group in EFFRA would be strongly needed. The same is true for related branches such 
as construction or forestry machinery. 

3 AET’S CONTRIBUTION TO WORKPROGRAMMES WITH 
RESPECT TO AUTOMATIC MACHINE GUIDANCE AND CONTROL 

EFFRA’s core document for “factories of the future” (FoF) PPPs is the newly set up Strategic Multi-
annual Roadmap. This roadmap is an implementation plan for parts of the EU recovery plan related to 
industrial RTD within the remaining period of FP7 and this roadmap forms the umbrella for all 
activities of MANUFUTURE (and thus AET). After several revisions EFFRA has now determined 
that the successful development of high added value technology under FP7 should include the 
following core topics or topic domains (in a former “Indicative Workprogramme” of the EFFRA these 
domains were also called sub-programmes with slightly different descriptions): 
 

Domain 1. Sustainable manufacturing 
Domain 2. ICT-enabled intelligent manufacturing 
Domain 3. High performance manufacturing 
Domain 4. Exploiting new materials through manufacturing 

 
Under the FP7 theme NMP all future AET related initiatives should contribute to these topic domains 
to have a chance for realisation.  
 
It is obvious that the definition of the topic domains is mainly forced by a majority of stakeholders 
coming from the area of industrial production technology. Within the Multi-annual Roadmap there 
might be an unbalance between pure mechanical manufacturing issues and the innovative products 
which are hardly covered. The research interest of AET’s stakeholders is predominantly focussed on 
functionalities of machinery. The production of the machines is of subsequent priority. So, at the first 
glance EFFRA’s topic domains could generate the impression not to cover the goals of the AET group 
anymore. To overcome this thread the AET community has to make clear that agricultural technology 
is production technology. Manufacturing takes place on the fields, in greenhouses or in livestock units. 
The challenge is to explain that agricultural manufacturing has to take place in a highly automated 
industrial-like way and that this is the pre-condition for highest efficiency and sustainability of 
agricultural production contributing to the development social base conditions in rural areas and thus 
giving a highly beneficial impact for the European society in total. This is a fundamental change of 
paradigms which we have to mediate outside our agricultural engineering community.  
 
The headline of this conference “Machine Control and Guidance” is an excellent example for the new 
paradigm of an industrialised agricultural production since it stands for development issues of 
automation and robotics – issues which are industrial-like and which are excellently covered by the 
topic domains mentioned above. The difference to a factory is that agricultural machines are often 
mobile, fulfil multiple purposes, operate in changing configurations, and in a heterogeneous and 
varying environment. 
 
In 2008/9 the EC for the very first time launched a call for proposals within FP7 (theme NMP) 
dedicated to the agricultural and forest machinery community. This call “Automation and Robotics for 
Sustainable Crop and Forestry Management” (Topic NMP-2009-3.4-1) also reflects that a certain 
consciousness for the new paradigm has already been created. 
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Three expert groups (EGs) of AET are permanently working on updating the community’s 
Implementation Plan. The expert groups are: 
 

EG 1. Sustainable Plant Production (SPP) 
EG 2. Sustainable Animal Production (SAP) 
EG 3. Bioenergy and Renewable Materials (BRM) 

 
The current Implementation Plan III (IP III) of the AET is designed to fit to the domain groups of the 
Multi-annual Roadmap of the EFFRA. Table 1 gives an overview about IP III. The topics 1 and 2 
(“Smart Sustainable Agricultural Production Machines Systems and Architectures” and “Innovative 
power train technology in mobile working machines”) of Expert Group SPP have a strong focus on 
machine control and integrated machine guidance concepts. Both topics are strongly interdependent 
and aim at the integrated automation systems for mobile working machines based on high level model 
software, new system architecture and machinery drive trains enabling management, (overall 
production and field) logistics, automation, and traceability of agricultural production and products 
and thus contributing to sustainability, product quality, and social development of rural areas and 
highest efficiency of the total production process. This is also known as a holistic approach for 
agricultural production. 
 
While topic 1 of SPP is dealing with the overall system architecture, topic 2 targets at new drive train 
systems for agricultural machines and implements which allow for more precise and faster (real-time) 
control with an improved energy efficiency at the same time. Speaking in manufacturing idioms, the 
idea of both topics is to set up a type of Enterprise Resource Planning (ERP) level for farm production 
management and a manufacturing “shop floor” level – the mobile working machines – which are 
directly interconnected and operating. The agricultural machines turn into industry-like tool machines 
on wheels or robots controlled by the needs of the production process. By this, a new vision is formed 
which may be summarized as “process controls mobile working machines”. It is obvious that this 
vision overcomes the limits of state-of-the-art automation and current automation concepts like 
ISOBUS Class 3 by far. 
 
The future work of machine control and guidance will address many levels of technical interest such as 
communication middleware, new sensors, IP technologies on the mobile systems, broad-band real-
time communication, and setting up comprehensive network architecture for the entire farm 
management. The guiding vision is to allow automatic and optimal control of flexible machine 
arrangements, e.g. through “plug-and-play” capability, and to take sustainability and safety 
requirements into account.  
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Table 1: Overview about topics defined in IMPLEMENTATION PLAN III of AET with relation to Topic 
Domain of EFFRA’s Multi-annual Roadmap 
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  Sustainable Plant Production 

SPP 

1. Smart Sustainable Agricultural Production Machines 
Systems and Architectures X (X) (X) (X) 

2. Innovative power train technology in mobile working 
machines X (X) (X)  

3. Safe Workplace 2025 / FutureAgHMIs   X  

4. Efficiency Initiative - Sustainable Agriculture X    

  Sustainable Animal Production 

SAP 

1. Innovative and Animal Welfare related Milking 
Technology  X   

2. Sustainable  development and systems for small and 
medium sized livestock units (SMLU) and organic farms 
(OF) 

 X   

3. Climatisation of animal facilities  X   

  Bioenergy and Renewable Materials 

BRM 

1. Biomass provision concepts for future biofuel applications X (X)   

2. Harvesting and provision chains for new agricultural 
biomass residues    X 

3. Novel technological solutions for sustainable biomethane 
generation, capture and supply systems in rural areas X    

4. Compressed biomass for bioenergy X    

5. Supply Chains for Sweet Sorghum for Bioethanol and 
Biogas X  (X)  
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4 OUTLOOK 
The interests of RTD within the fields of machine control and guidance are covered in a general form 
by the Multi-annual Roadmap of the newly founded European Factory of the Future Research 
Association (EFFRA). Calls for proposals affecting machine control and guidance will be published 
within the next workprogrammes of FP7 theme NMP. Past experiences have shown that the chances 
for an approval of funding applications are quite low (typically far below 50%). At the same time, the 
effort to set up proposals is quite high. 
 
To increase application effectiveness it is strongly recommended to participate in the processes for 
generation of workprogrammes. A strong community can set precise specifications and formulations 
into calls that reflect specific needs of the addressed stakeholder group and thus increases the chances 
to meet the requirements of a call by the applications. 
 
The AET community was established and is operating well with some success. To make this  success 
sustainable and to improve the effectiveness of the AET a even stronger participation of the 
community would be highly appreciated. Especially, membership and contribution in the EFFRA is 
urgently needed from the agricultural engineering community since EFFRA’s importance is increasing 
and EFFRA will at least partially replace MANUFUTURE’s operation. New members from 
agricultural engineering and related branches in EFFRA are the necessary pre-condition to be 
successful in future Framework Programmes. Beneficiaries are industrial companies, SMEs, and also 
governmental as well as non-governmental research organisations since EU funded project strongly 
improve reputation. 
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Abstract 
OmniSTAR, a member of the Fugro group, is one of the leading commercial suppliers of satellite based 
augmentation services. With the available carrier phase based, dual frequency HP and XP services un-
certainties of 2σ ≈ 10 cm for the two-dimensional position and 2σ ≈ 15 cm for the vertical component 
are obtainable in real time for worldwide kinematic positioning and other applications. Technically 
speaking HP is a differential positioning method while XP is based on precise point positioning (PPP). 
For its positioning services Fugro maintains an own reference network consisting of over 100 globally 
distributed stations. The given provider’s specifications were validated in comprehensive investigations 
on the basis of target-performance comparisons and found to be applicable under good environmental 
conditions – but only then. These empirical studies were concentrated on the HP service mainly. 
Before starting an application the convergence level of the service has to be achieved. To shorten this 
time-consuming initialisation procedure of usually about 1 – 3 hours alternatively a “kick-start” 
initialisation can be performed. Lack of GNSS observations and outages of the augmentation signal can 
handicap the HP and XP operation seriously. Such disturbances can be fatal for vehicle based 
applications because the convergence can get lost lightly within a few seconds and a re-initialisation is 
required. Therefore, shadowing obstacles are critical for HP or XP based machine control and guidance 
in practise especially due to the fact that the user often cannot recognize the loss of accurate solutions.  
To work with the measured HP or XP coordinates a transformation from the global ITRS to a reference 
system in which the coordinates are regarded as static is necessary for the user. The basic principle of the 
OmniSTAR HP and XP services, their performance, potentials and limitations as well as the conducted 
global scale accuracy investigations are described. 
 
Keywords 
Fugro OmniSTAR, High Performance (HP), eXtended Performance (XP), SBAS, kinematic positioning.  
 

1 INTRODUCTION 
A major element of every machine control and guidance is the possibility of accurate and reliable 
navigation. Satellite based methods are used widely – according to Stempfhuber (2009) 90% of the 
available guidance and control systems make use of GNSS/GPS positioning. Beside disposable 
guidance and control system solutions from miscellaneous companies usually based on stand-alone 
local reference stations about a handful global commercial GNSS positioning suppliers offer their 
respective services especially for such kind of navigation purposes, however. Without regarding any 
land-based applications in particular, e. g. precision farming, mobile mapping or car navigation, the 
essential results of some comprehensive performance investigations concerning the worldwide available 
OmniSTAR HP (High Performance) and XP (eXtended Performance) services is described in the 
following.  
Such easy to handle decimetre services fill the gap if autonomous positioning like the GPS single po-
sitioning service (SPS, accuracy level 2σ ≈ 5 m) or solely code-based differential positioning (accuracy 
level 2σ ≈ 1 m) is not sufficient and the operation of special local navigation systems may be too 
expensive and time-consuming. However, the services find its limits if the accuracy requirements are 
higher than the advised uncertainties of 2σ ≈ 10 cm for the two-dimensional position and 2σ ≈ 15 cm 
for the vertical component. Only the determination of the moving GNSS antenna will be discussed and 
all other necessary guidance and control information like orientation, inclination and data handling at 
the machines and vehicles (see e.g. Stempfhuber & Ingensand, 2008) are beyond the scope.     
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2 OMNISTAR – A GNSS AUGMENTATION PROVIDER  
As a member of the Fugro group, OmniSTAR is responsible for the land-based applications. In the 
past only GPS was supported and the integration of Glonass started in spring 2009 (Fugro, 2009). All 
following statements relate to GPS measurements only due to the fact that the investigations were 
conducted before this extension. Figure 1 illustrates the basic principle of wide area precise 
positioning using satellite navigation methods. At Fugro’s own reference network raw GNSS 
observations (1) are collected permanently on which basis inter alia precise ephemeris and clock 
parameters (2) for the GNSS satellites are computed. Via uplink stations (3) the augmentation 
information is transmitted to geostationary communication satellites (4) which broadcast the 
augmentation data using the L-band (1543 ± 20 MHz). This is known as a satellite based augmentation 
system (SBAS). The user (5) needs to have OmniSTAR capable equipment available. This mainly 
consists of an OmniSTAR capable GNSS receiver and an OmniSTAR capable GNSS antenna. The 
antenna receives both, the navigation signals of the GNSS satellites as well as the augmentation data 
of the actual forthcoming geostationary satellite. The receiver finally calculates an enhanced position 
in real-time available for enclosed further system integration using the NMEA protocol.  
 

 
Figure 1: Basic principle of Fugro’s positioning services (Pflugmacher et al., 2009) 

 
As OmniSTAR is a commercial supplier, the user has to purchase a correspondent subscription. The 
subscriptions are differentiated in national, continental and global domains and periods of validity. 
Once activated the validity of the subscription is verified permanently by the receiver. If a receiver is 
used outside of its allowed area, an error occurs. For aviation applications Fugro offers AirSTAR sub-
scriptions and Starfix respectively SeaSTAR subscriptions for maritime and offshore applications.  
For its portfolio of positioning services Fugro maintains a reference network consisting of about 110 
globally distributed reference stations, see figure 2. The dashed line indicates the 1000km distance 
zone of the network. Furthermore the footprints of the communication satellites are depicted. Here Fugro 
leases channels of commercial geostationary communication satellites – mainly from the INMARSAT 
system. 
Before the GLONASS extension with the new G2 service in spring 2009 startet, OmniSTAR operates 
the following services with its respective characteristics: 

• OmniSTAR VBS (Virtual Base Station), a sub-metre service using code-based differential 
positioning enhanced by carrier smoothed internal operations. 

• OmniSTAR HP (High Performance), a carrier phase-based differential positioning service 
with sub-decimetre quality up to distances of 1000km from the reference stations.  

Precise ephemeris and 
satellite clock parameters 

1 

2 
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• OmniSTAR XP (eXtended Performance), a carrier phase-based service using precise point 
positioning techniques with world-wide sub-decimetre quality. 

• OmniSTAR HP+, a combination of HP and XP where the receiver automatically searches for 
both services and produces a weighted solution depending on the distance to the reference 
network stations. 

Ørpen et al. (2002) denote that the OmniSTAR accuracy statements are identical in static as well as in 
kinematic positioning mode. The sub-decimetre HP and XP services both have distinctive convergence 
behaviour and the positioning task is essentially a time-dependent process.  If not disturbed, the accuracy 
of the estimated coordinates continuously improves over time. The length of convergence time varies 
strongly as a function of the satellite geometry and – at least for the HP service – the distance to the 
reference stations. After a completed initialisation phase OmniSTAR guarantees “10cm” for the two-
dimensional accuracy and “15cm” for the height. These provider specifications are made on a two-sigma 
level (confidence level 95%). The specification of the horizontal component can be interpreted as 

2 22 10cm.North EastDRMS σ σ= + £  For the HP service this is restricted up to distances of 1000km 
from reference stations. No setting up of an auxiliary local reference station and no separate 
communication links are required, thus handling of wide area precise GNSS is easy and user-friendly. 
 

 
Figure 2: Fugro’s reference network (Heister et al., 2009). 

 
The principles underpinning Fugro’s positioning services are company confidential and therefore not 
published. Regarding figure 2 it comes obvious that the HP service does not cover the complete land 
area worldwide. In a campaign in Mali, western Africa, outside of the dashed line according to figure 2 
it could be shown that HP solutions were still available with nearly the same accuracy level as inside 
the 1000km region (see second example). As it is stated by OmniSTAR the XP service specification is 
free from this limitation. This service bases on precise point positioning (PPP) (Heßelbach, 2009). 
OmniSTAR obtained the necessary ephemeris, clock data and additional augmentation information for 
PPP until 2008 from NASA’s Jet Propulsion Laboratory. In the meantime OmniSTAR generates these 
data from its own network (Fugro, 2009). 
Another restriction relevant for both services is that the footprints of the geostationary communication 
satellites do not cover the polar regions beyond latitudes of approximately 70° North and South. At 
latitudes of about 80° North or South the elevation of the incoming augmentation signal is 0°. These 
lines are plotted in figure 2. Undisturbed reception of the augmentation signal may also be limited due 
to shadowing of topography, vegetation and buildings. 
OmniSTAR sells OmniSTAR-capable equipment but does not manufacture the corresponding hardware 
itself. Users can purchase the corresponding equipment directly from the original manufacturers or from 
OmniSTAR. The HP and XP services require high-end dual-frequency equipment while single-
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frequency equipment is sufficient for the VBS sub-metre service. The receiver has to be configured to 
use the OmniSTAR correction data. Finally, the user obtains an enhanced position that is referenced to 
the actual International Terrestrial Reference Frame (ITRF) underlying the reference network 
coordinates. With respect to the permanent kinematic behaviour of the earth this coordinates are 
reduced to a nominal stage. When performing direct (HP) or indirect (XP) differential positioning 
short-time variations caused by the earth tides, ocean loading, etc. usually can be neglected if the 
rovers as well as the reference stations are affected more or less in the same way. Otherwise reduction 
terms are to envisage in the processing. The direct differencing of systematic effects like earth tides 
finds its limit at baseline length of about 300 – 500 km.  
It should be mentioned that plate tectonics can amount more than 1 decimetre per year at global scale. 
Therefore IRTF coordinates must be referenced in time. According to the IERS Conventions (McCarthy 
& Petit, 2004), the delivered OmniSTAR coordinates can be regarded as “regularised”. During the in-
vestigations the used frame was ITRF2000. At the end of 2008 OmniSTAR changed to ITRF2005. Both 
frames are consistent at a level of a few millimetres and also WGS84(G1150) is consistent with these 
frames at the 1 cm-level. Any further transformation to common coordinate frames like ETRS89 is beyond 
the scope of the provider and assigned to the service user. The best way here is the use of identical points. 
Any OmniSTAR measurement starts with an initialisation. There are three usual types of initialisation: 

• “Static” initialisation is the standard way of achieving convergence. The GNSS antenna is in a 
resting state. During a sufficiently long period one has to wait until the whole convergence 
process is completed. As the investigations made evident convergence periods of several hours 
are possible. The published time spans by OmniSTAR are to handle with great care.  

• Whenever the antenna moves permanently, the convergence process is a so-called “dynamic” 
initialisation. In this case the time taken is much longer than in the static case. According to 
Visser (2009) dynamic initialisation requires approximately twice the time of the static 
initialisation. If the antenna is moved, the receiver recognises this automatically and will 
change the initialisation to the dynamic mode. 

• The “kick-start” initialisation is a method which can be performed if there are already accurate 
IRTF coordinates for a so-called “seed point”. The antenna is placed over this marked point and 
the coordinates with appropriate standard deviations are given to the receiver (Pflugmacher et 
al., 2009). Depending on the local situation within a short time of about a few minutes the 
service convergence level is reached and the measurements can start. 

The only available information for the user weather the receiver has reached its convergence level is 
the internally processed accuracy indicators of his receiver.  

3 CONCEPT AND PERFORMANCE OF THE INVESTIGATIONS 
The practical investigations were conducted with two systems, an OmniSTAR 8200 HP and an 8300 
HP receiver, see figure 3. The original manufacturers of this equipment are Trimble (AgGPS 332) and 
Novatel (ProPak-Lbplus). Both dual-frequency GPS receivers are equipped with L1/L2/L-band antennas 
suitable for precise carrier phase-based positioning enhanced by the augmentation signal. 
 

     

 

Figure 3: Test items of the investigations: OmniSTAR 8200 HP (left) and 8300 HP (right) 

The concept of the investigations required a comparison system to be run during all measurements 
parallel in order to provide appropriate high quality target positions. All results of the performed 
studies are based on target/actual-comparisons done in post processing. The comparison system 
consisted of three geodetic high performance GNSS receivers, namely Leica system 1200. The two 
OmniSTAR test items antennas and two Leica antennas were mounted on a well constructed antenna 
frame where the relative positions of the different antennas were determined with high accuracy in a 
local coordinate system, see figure 4, right sight. Finally, it was possible to compute the deviations 
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from target coordinates in north ∆N , east ∆E and height ∆h in metric quantities. For kinematic oper-
ation the measurement facility was mounted on a van. There were some other test items included in the 
investigations which should not be treated in the following. The third Leica receiver was used as a 
nearby autonomous reference station which ITRF coordinates were processed with remarkable 
expense using the scientific GNSS software Bernese (Pflugmacher et al., 2009). To achieve the target 
coordinates a precise differential GNSS analysis between the nearby reference station and the two 
comparison antennas on the antenna base was performed. After intensive examinations the accuracy of 
the target coordinates of the test items was estimated with about 2σ ≈ 2cm for the plane component and 
2σ ≈ 5cm in height. The data from the test items and the comparison system were synchronously 
recorded and stored during all measurements. In the end, with some effort high quality target/actual-
deviations could be computed in all campaigns. 

 

 

 

 
Figure 4: Antenna base mounted on the roof of a van (left), geometrical relationships at the antenna base (right) 

 
The investigations were performed between March 2007 and February 2008. In order to explore a 
variety of different geographical circumstances campaigns took place in Germany, northern Norway 
(Tromsø, North Cape), South Africa (Johannesburg) and Mali (Bamako). Main purpose was to test the 
OmniSTAR HP service but also the VBS and XP services were observed occasionally. Static long-
term measurements (24 hours or longer) were used for the determination of the overall accuracy, static 
measurements of a few hours duration to investigate the convergence behaviour and kinematic 
measurement runs to allow conclusions about the suitability for vehicle-based applications. 
Some essential results from the investigations are presented in Heister et al. (2010) and Pflugmacher et 
al. (2009). From the static long-term measurements under good – almost “perfect” – conditions (little 
shadowing, low multipath) it could be proven that for the HP service the 95% measurement 
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uncertainty yielded 10.7 cm for the two-dimensional position and 16.9 cm for the vertical component. 
The global variation of the measurement set ups did not show noteworthy effects. More important are 
the local influences, because in environments with worse satellite visibility the accuracy decreased 
considerable. This ends up in the simple summary that any GNSS accuracy statement should be related 
always to the surrounding conditions. As the accuracy in static and kinematic operations was generally 
the same, these conclusions are also valid for kinematic operations.  
Apart from the accuracy in the converged state, the duration of the “idle time” until the service 
accuracy is reached was examined intensely. The average length of the static initialisation period was 
46 minutes according the test items indicators. It was found out that the receiver accuracy information 
is not reliable, which usually leads to the situation that the duration of the initialisation phase is 
estimated as being considerably shorter than it really is. Initialisation periods of several hours were 
observed. To avoid the time-consuming static initialisation there is the option of performing a “kick-
start”. Seed points may also be used as identical points for the necessary transformation from the time-
depending coordinates in ITRF to a continental or national system, e.g. the ETRS89. In the case of 
vehicle-based operations a “kick-start” might be difficult because the vehicle-mounted antenna must 
be placed over this known point and the better the alignment the more shortly the idle time.  
Two kinds of disturbances handicap the service operation considerable: lack of GNSS observations and 
outages of the augmentation signal. Within a few seconds lack of GNSS signals the achieved 
convergence level can get completely lost. Outages in the reception of augmentation data – if not longer 
than about 5 minutes – merely affect the relevant period of the outage and the accuracy level before this 
disturbance is obtained again immediately. If convergence is lost, the whole process has to be re-
initialised, which is difficult to perform in kinematic applications as the following examples will show. 

4 RESULTS FROM EXEMPLARY MEASUREMENT RUNS 
From three exemplary measurement runs in Germany, Mali and South Africa the typical behaviour of 
the HP and XP service in kinematic mode and their limitation shall be explained. 

 
Figure 5: Measurement run near Euskirchen, Germany, with video snapshots for landscape impressions 
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With figure 5 the route of a measurement run in rural environment in Germany is depicted. It can be 
seen that there are only little obstacles. Before starting the experiment the vehicle was stopped (see 
velocity in lower chart) to conduct the initialisation. Immediately after the receiver indicated the 
accuracy specifications to be achieved the run started. HP status was given all the time and satellite 
coverage was good (approx. 9 SVs, see HDOP in upper chart). The moment the van turned left at the 
snapshot in figure 5 for about 20 seconds no GPS satellites could be tracked, the receiver reported 
“INSUIFFICIENT OBS”. After this event the characteristic of the deviations, see upper chart, changed 
and a short while later the convergence got lost (horizontal deviations of 1 metre). Now a dynamic re-
initialisation began which lasted for the rest of the measurement run. 

 
Figure 6: Results from the measurement run near Euskirchen, Germany, with 8300 HP (26.07.2007) 

 
The following kinematic HP measurement, see figure 7, was performed in Mali (western Africa) outside 
the 1000km distance of the network and is also discussed by Pflugmacher et al. (2009). Again there is a 
static initialisation phase at the beginning (45 minutes). The target/actual deviations do not show a 
change in characteristics at the beginning of the run, which is an indication that the accuracy in kinematic 
and static mode is generally the same. Shadowing due to vegetation was very slight and no buildings 
were along the route. After some minutes obstacles occurred (see picture in figure 7) and some satellites 
got lost this moment. After this short outage the HP process had to initialise completely from the 
beginning. The receiver accuracy information shows values of up to 4.5 metres, and the target/actual 
deviations were also quite high. For the rest of the measurement run (15 minutes) the high accuracy level 
experienced from the start of the experiment could not be re-established again. In this case the mean 
radial spherical error (MRSE) of the receiver indicated the problem and the user were warned at least.  
The third example is a XP measurement run in South Africa depicted with figures 8 and 9. A static 
initialisation took about 42 minutes. The moment the vehicle passed the unobtrusive situation 
illustrated with the snapshot in figure 8 the convergence level got lost. The standard deviation of the 
receiver indicated the lost of accuracy level. Dynamic re-initialisation started and was interrupted later 
for a second time. The horizontal deviations along the track are visualized with colours in figure 8. 
The deviations were below 0.2 metres most of the time. If there are lacks along the track, also the 
comparison system was not able to fix a position. Deviations are only computed if target coordinates 
are available. 
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Figure 7: Kinematic measurement with 8300 HP in Mali, Africa, in January 2008 (Pflugmacher et al., 2009) 
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Figure 8: Impressions of kinematic measurement run with 8300 HP in South Africa using the XP service 

 
Figure 9: Results from the measurement run in South Africa (15.10.2007) 

Snapshot 

 
Deviations Start/finish 
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5 CONCLUSIONS 
The results of the investigations confirm that the HP and XP services in general satisfy its high accuracy 
specification. The available horizontal accuracy of 2σ ≈ 10 cm and vertical accuracy of 2σ ≈ 15 cm 
fulfils e.g. most of the requirements in precision farming (Schölderle et al., 2008) but might be in-
sufficient in other machine guidance and control applications where uncertainties of σ ≈ 2–5 cm in plane 
coordinates and σ ≈ 1–2 cm in height – and even better – are requested (Stempfhuber & Ingensand, 
2008). In those other applications the height component is most crucial for GNSS based positioning 
(Stempfhuber, 2009). Nevertheless the use of OmniSTAR HP and XP in kinematic mode only can be 
recommended if any disturbances can definitely be excluded.  
It should be considered that OmniSTAR continuously enhances its services. Of course, these develop-
ments will have consequences on the accuracy, reliability and availability of future precise global posi-
tioning especially for kinematic applications – by trend growing better with escalated performance. 
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Abstract 
The European Satellite Navigation System Galileo is approaching its implementation. The first four 
satellites will be launched in about one year time.  The full constellation is presently announced to be 
available about three years later. Galileo is different in many aspects to the present GPS and 
GLONASS technology. Significant improvements in terms of precision, robustness of the signals and 
integrity are expected and will facilitate substantial improvements in many applications. This paper 
demonstrates the experiences made from observing and processing the two Galileo experimental 
satellites GIOVE A and B. Theses results will be enhanced by simulations and studies based on the 
available GNSS, which show the potential benefits by the use of Galileo in surveying, positioning and 
guidance. Figures of the improvements in positioning accuracy and availability will be given. The 
combined use of two or more GNSS will be studied and some resulting advantages and problems, 
together with the implications for the use of satellite positioning will be shown.  
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