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GraIn QualIty CaMEra

Mathias Escher M.Sc., Dipl.-Ing. Thilo Krause
CLAAS Selbstfahrende Erntemaschinen GmbH

abstract
Modern combine harvesters offer a lot of possible settings for optimising the quality of harvested grain and 
maximising efficiency of the harvesting process. Most of the optimisation of combine adjustments is carried 
out by a simple visual check of the harvested material in the grain tank. Thus, the evaluation of the quality of 
harvested material and the machine adjustment are currently subject to uncertainties caused by human error.
The CLAAS GRAIN QUALITY CAMERA is an intelligent colour camera mounted at the top of the clean 
grain elevator on the LEXION combine, delivering reliable real-time information to the operator. It captures 
images of the threshed material directly in the crop flow. The images are evaluated with regard to non-grain and 
broken grain components and the results are shown on the operator display as bar graphs, including threshold 
level warnings. In addition, for the first time the operator is able to see the colour images continuously and thus 
distinguish between loose and adherent non-grain components. This creates a new and more exact basis for 
assessing the grain quality and thus for optimising the threshing and cleaning settings on combine harvesters.

Keywords
GQC, GRAIN QUALITY CAMERA, LEXION, CLAAS, camera sensor, image analysis, broken grain, non-
grain, MOG, NCG

1 IntroductIon
Clean undamaged grain kernels are the ideal outcome of a combine harvester harvesting process. However 
in reality, as so often, this result differs a bit to the theoretic expected outcome due to several reasons and 
dependencies. 

Grain quality can be expressed within two bundled impurity types. Damaged grain and material other than 
grain, also called non-grain. As damaged grain are described kernels, that are damaged, due to whatever reason, 
from its natural appearance. Such damages can be e.g. broken kernels or squeezed kernels. All kernels where 
the outer shell is cracked. Material other than grain that most frequently occur in harvested grain are such as 
short straws, ear tops, beards, glumes and other plant parts.   

Damages grain causes a decrees of the shelf life.  Broken kernels hence to get mouldy faster than undamaged 
kernels. Furthermore the germination capacity is affected. Only not damaged kernels have the ability to 
germinate and so can be used as seeds. 
Also machine related dependencies can be observed. Small fragments of broken kernels have a lower weight 
than a complete kernels. The lower weight causes, that this fragments most likely gets blown out of the combine 
during the cleaning process. This is cleaning process is supposed to separate light weight short straws, beards 
and glumes from normal weight, not damaged, kernels. This increase the losses during harvesting process.

The source of damaged grain can often be found in threshing system adjustments that are not aligned to 
the harvesting conditions. The LEXION combine offers a powerful threshing system with a wide range of 
adjustments to provide the possibility to thresh a wide range of fruits in nearly all harvesting conditions. Here 
the optimal adjustment can lower the losses and increase the efficiency.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014
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Figure 1: high quality grain

Material other than grain can be expressed as pollution. Such impurity types like short straws, beards, glumes 
and ear tops have a low weight and a high volume. They occur most often when combine settings, such as 
threshing, cleaning and separation system, are sub-optimal adjusted to the actual harvesting conditions. 

2 State of the art of graIn qualIty aSSurance
State of the art was, until the GRAIN QUALITY CAMERA got implemented, that the operator must turn 
around and take a look inside the grain tank to evaluate the quality of the grain. The task of assessing the grain 
quality, that is to say assessing the proportion of broken grains and non-grain constituents (NGC) in the grain 
tank, calls for a certain level of experience and a high degree of concentration on the part of the operator. NGC 
consist of straw, chaff and ear tips.

2.1 Adjustable parameters influencing corn quality
Combine settings needs to be adjusted to the actual fruit type as well as to the prevailing local environmental 
conditions. For example dry rape seed needs completely different setting as wheat which contains a bit more 
moisture in kernel and straw. 

Figure 2: Major adjustable parameters out of the threshing process of a CLAAS LEXION combine harvester

In the threshing system get most kernels threshed out of the plants. This can be adjusted with values like 
threshing drum speed, concave gap, threshing segment or the disawner flap.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014
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Figure 3: Threshing system of a CLAAS LEXION combine harvester

In the separation systems the remaining kernels gets separated from the plant parts. This can be adjusted with 
parameters like rotor drive speed and rotor cover plates.

Figure 4: Separation system of a CLAAS LEXION combine harvester

In the cleaning system the material other than grain gets divided from the grain kernels and blown out of the 
combine. This can be adjusted with parameters like upper and lower sieve gaps and fan speed.

Figure 5: Cleaning system of a CLAAS LEXION combine harvester

Also the throughput of harvested grain is infl uencing the grain quality due to the infl uence of the process chain 
(threshing system  separation system  cleaning system). But not all infl uencing parameters are machine 
related.

Figure 6: Harvest condition variation

The crop type and also the variation of the grain affords different settings. Also the environmental conditions 
are an important factor to be considered. Even on one fi eld the conditions like moisture can differ. 

2.2 CEMOS implementation
CEMOS is the short cut for CLAAS Electronic Machine Optimisation System. It guides the operator to the 
best machine settings using a screen dialogue. Once the operator requests a suggestion for settings, CEMOS 
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makes a logical suggestion which the operator can accept or refuse. The corresponding adjustment to the 
machine is made automatically, but must always be confirmed by the operator. This procedure is repeated 
until the optimum machine configuration has been achieved. Furthermore, there is a comprehensive help 
function. Manual adjustments are explained graphically to the operator. 

Figure 6: Claas Electronic Machine optimisation system (CEMOS)

Currently CEMOS assistance system requests a feedback from the operator of the grain quality. The analysis 
of the grain quality is therewith based on an subjective feelings and reqire a high experience of the operator. 
This limit the CEMOS system to the acuracy of the operator. For an trustable analysis a quantifiable value is 
needed to support the operator giving this feedback.  

3 Improvement of graIn qualIty meaSurment

3.1 Sensor system
Impurity types like explained before can be detected with the human eye, experience expected. This leads to 
the assumption that capturing images of the harvested grain and use image analysis can offer the possibility 
to detect such impurity types and generate a value like described before. This raise different requirements to 
such a sensor system. 

The measurement device must be placed direct in the crop flow to reach a live time value. A solution with 
bypassing grain out of the process chain would lead to high latency. Also it seems not reasonable to detect all 
grain passing by during a harvesting process. Therefore statistically considerations must be made over several 
images. At the place of installation the measurement devise must all impurity type occurring in the harvested 
grain passing by. Impurity separation, like swimming up short straws on the top of a grain trailer, must also be 
prevented to keep the statistically evaluation proper.

To avoid losing time for focusing the image sensor to the grain passing by, the distance between grain and 
image sensor must kept constant. Also the position of the sensor in the process chain is important. It needs to 
be positioned behind the complete process chain to detect the influence of all adjustable combine settings and 
close behind the last process step to keep the latency to a minimum. Overall the sensor must be mechanically 
protected from e.g. threes and stones.

All this requirements are covered from the GRAIN QUALITY CAMERA (GQC). The optical sensor is fitted 
on the elevator head and is capable of assessing the grain visually. 

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014
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Figure 7: GRAIN QUALITY CAMERA on top of the LEXION elevator head

The grain which passes direct the sapphire glass by has every time a constant object distance and offers the 
advantage of a self-cleaning of the window. Pollution on the window, sometimes occur in not proper harvesting 
conditions, gets scrapped away from following grain kernels.

3.2 Sensor hardware
Harvested grain passing by the sapphire glass window of the GQC have high speeds. This require high shutter 
speeds of the image sensor device. No artifi cial light is available inside the grain elevator, so the grain must 
be illuminated. Caused by the high grain fl ow speeds and short shutter times this illumination is realised with 
high intensity fl ash device.  

Figure 8: GraIn QualIty CaMEra hardware

This optical sensor operates with the help of FPGA & DSP for a fast processing of the recorded images. 
Supported grain types are wheat, barley and rape seed.

Figure 9: Supported grain types: barley (right), rapeseed (middle), wheat (right)

Due to the place of installation and the overall requiremts to harvesting machine the sensor system needs to be 
temperature resistant. This was validated in different enviromental condition in world wide endurance tests.
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3.3 Operation of the image analysis process

Figure 10: Flow chart of a procedure

Figure 10 shows a flow chart of a procedure carried out by the GRAIN QUALITY CAMERA which is 
coupled to the CEBIS.

At the beginning of every harvesting process, CEBIS prompts the driver, in step s1, to select the type of crop 
material. CEBIS includes a database of the parameter records for various possible crop materials required 
for the process to be described below. This database is preloaded with suitable parameter values for various 
types of crop material, although the user may edit it as necessary, in order to make adjustments. According 
to a preferred embodiment, the parameters loaded in step s2 include parameters that relate to the evaluation, 
to be described in greater detail below, of photographs provided by the GQC, and settings for the threshing 
and cleaning step of combine harvester, e.g., cylinder speeds, sieve mesh widths, fan throughput, etc., which 
affect the quality and cleanliness of the resultant crop material, and which may be set by CEBIS with the 
aid of suitable actuators involved in the threshing and cleaning steps. These parameter values are generally 
defined such that, under normal working conditions, a good quality of crop-material flow is obtained at the 
location of camera.

According to a simpler design, the parameters loaded in step s2 relate only to the evaluation, by CEBIS, of 
photographs taken by the GQC, and it is up to the driver to enter the settings for the threshing and cleaning 
step in advance depending on the particular crop material being processed.

As soon as a constant flow of crop material begins passing by the GQC, CEBIS prompts GQC, in step s3, 
to take a photograph of this crop material. In preparation for the image processing in a narrower sense, a 
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lightness comparison is carried out on this photograph, in step s4, i.e., regions of the photograph that have 
an extension that is clearly greater than that of a particle of the desired crop material and that are lighter 
or darker than a mean of the photograph that was taken are darkened or lightened in a computer-assisted 
manner, in order to compensate for fluctuations in lightness that result, e.g., from localized different layer 
thicknesses of the crop material, and, therefore, different distances between them and the light source, or 
from local shadows.

The photograph obtained in this manner is then segmented. The segmentation may be based on region or 
edge. Region-based segmentation s5 will be considered first. In a segmenting process such as this, the 
photograph is dissected into a large number of regions, each of which is characterized by a lightness or 
colour value that distinguishes it from adjacent regions and justifies the assumption that exactly one object 
is shown in the region. Methods used to perform region-based segmenting are known by the keywords of 
region growing, region splitting, pyramid linking, and split and merge.

After the segmenting is carried out, a region of the photograph is selected in step s6, and a check is carried 
out in step s7 to determine whether its lightness differs from a target value or a mean of the photograph by 
enough that the region under investigation could be, e.g., the image of the broken surface of a grain. If it is 
not, a new region is selected in step s6. When the lightness is sufficiently different, the method jumps to step 
s8, in which the surface area of the particular region is determined, e.g., by counting the number of image 
pixels in it. The surface area determined in this manner is added, in step S9, to a non-grain counter value, 
which was set to zero in step s5. This counter value is a measure of the portion of images of non-grain of an 
“i-th” type, e.g., the broken surfaces of damaged grain in this case, in the surface of the photograph. Steps s7 
through s9 may then be repeated, based on detection parameters for non-grain material of other types.

In step s6, a new region is selected. This process is continued until all regions have been processed. The 
method then jumps to step s10, in which the counter value non-grain is multiplied by a correction factor 
that is specific to the type of crop material and non-grain material, in order to obtain an estimated value for 
the portion non-grain-mass of damaged grain to the total mass of crop material. The correction factor is an 
empirical quantity that belongs to the parameters loaded in step s2.

A further important class of undesired particles besides damaged grain is short straw. Its colour or lightness 
is not substantially different from that of grains. As such, it is preferable to use edge-oriented segmentation 
(s11) to identify it. To minimize the amount of computer power required, it is also possible, as indicated via a 
dashed arrow line in the flow chart, to eliminate the edge-oriented segmentation by defining the limits of the 
regions identified in step s5 as edges.

An edge obtained in this manner is selected in step s12, and its length is evaluated in step s13. If the length 
is below a specified limiting value, it is assumed that the edge borders the image of a grain, and the method 
returns to step s12, in order to select a new edge. If the edge is long enough, however, the method continues 
to step s14, where the surface area of the region bounded by this edge, or its width, i.e., its extension 
transversely to the edge under consideration, is evaluated, and, if the size is sufficient, it is assumed that the 
object is a piece of short straw. Its surface area is added, in step s15, to a counter value non-grain, which was 
also set to zero in the segmentation process. Further edges of the accumulated surface area are deleted from 
the quantity of edges that have yet to be processed and which may be selected in step s12, to ensure that the 
same piece of straw will not be counted more than once.

After all edges have been processed in this manner, the mass fraction non-grain-mass of the short straw is 
calculated in step s16 by multiplying the surface area counter value non-grain by a related correction factor.

In step s17, CEBIS displays the photograph obtained in step s3 in which all regions in the photograph that 
were identified as images of non-grain components are emphasized, and by displaying the calculated mass 
fractions non-grain-mass of the damaged grain and non-grain-mass of e.g. the short straw on the CEBIS. The 
driver is thereby informed about the current quality of the crop material, and he is able to verify the quality of 
the evaluation by checking to determine whether all characterized regions in the photograph actually contain 
non-grain components and whether all non-grain components that he sees in the photograph have also been 
detected.

In step s18, CEBIS checks to determine whether the portion of one of these monitored non-grain components 
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exceeds a specifi ed limiting value. If so, a counter-measure is taken in step s19. The counter-measure taken 
in step s19 may be limited to sending the driver a warning to prompt him to make the necessary parameter 
adjustments himself.

3.4 Display
The grain quality can be represented in CEBIS in two ways. It can be shown as a live video image which can 
be assessed by the operator in conjunction with the display of the proportion of broken grains and NGC shown 
at the right edge of the picture. Alternatively, the proportion of broken grains and NGC can be shown in the 
“typical” CEBIS harvest display next to the returns display.

     
Figure 11: CEBIS live video image (left), “typical” CEBIS harvest display (right)

4 concluSIonS
In summary it can be said, that each operator has different demands on the grain quality. Seed grain 
requirements are more focused on grain quality, performance focused grain harvest aims a high grain 
throughput per hour. Effi ciency is, like so often, a compromise, in this case out of grain quality, machine 
performance and energy consumption. This are also the three strategies which can be chosen in the CLAAS 
CEMOS Automatic (maximal throughput, minimal fuel consumption, high grain quality and as fourth an 
optimum balance). 
The GRAIN QUALITY CAMERA provides signifi cantly improved information as a basis for optimising the 
combine settings for grain quality as the latter is subjected to continuous automatic monitoring. The CEBIS 
displays make it possible for the operator to assess the grain quality quickly. This results in perfect grain 
quality and reduced losses.
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“elWObot”- A Diesel-Electric Autonomous Sensor Controlled 
Service-Robot for Orchards and Vineyards

Andreas Linz1, David Brunner2, Jens Fehrman3, Dr.-Ing. Matthias Grimsel3, Prof. Dr.-Ing. habil. 
Thomas Herlitzius3, Dr. agr. Rainer Keicher2, Prof. Dr. Arno Ruckelshausen1, Prof. Dr. agr. habil. 

Hans-Peter Schwarz2, Erik Wunder1

1 Faculty of Engineering and Computer Science, University of Applied Sciences Osnabrueck
2 Institut for Viticultural Engineering, Geisenheim University 

3 Chair of Agricultural Systems and Technology, Technical University Dresden

abstract
“elWObot“, a cooperative research project, aims to develop an electrical driven, autonomous service-robot 
for vineyards and orchards. Maintenance operations are plant protection (precision spraying) and mulching. 
Future expansion can be yield mapping, soil preparation or picking up harvester boxes.
 
The vehicle is driven by two small automotive diesel engines, which supply the energy for four independent 
steered wheels with electrical hub motors. This construction gives a better controllability and possible energy 
conservation. It can carry a payload up to 1.5t. This corresponds for example to a sprayer plus 1000 liters of 
chemical spray.

The sprayer itself is also electrical driven and has the possibility to control the output of chemicals in different 
heights. In combination with a leaf wall scanning system, a reduction of chemicals can be achieved.

For the autonomous navigation of the robot a combination of different sensors and a low-cost GPS is used. The 
main sensor for navigation is a laser range scanner. This scanner gives back range information only in one flat 
layer. Thus, obstacles in the row might be missed. To overcome this problem additionally 3D-Time of Flight 
cameras and ultrasonic multi reflectance sensors are applied. Moreover, these sensors can detect the leaf wall 
area and hand over this information to the sprayer system. To improve the position information of the robot, 
odometric vehicle data is combined with an IMU (Inertial Measurement Unit) and GPS.
Sensors and actuators are all connected over Ethernet, using the TCP/IP protocol. This makes the development 
and debugging of the system more comfortable. For software development Robot Operating System (ROS) an 
open source framework especially for robotics is applied. ROS also supplies the 3D simulation environment 
Gazebo, in order to simulate the robots and sensors behavior.  

Keywords
Service-robot, 3D-imaging, diesel-electric vehicle, precision sprayer, leaf wall detection, Robotic Operating 
System ROS, orchard, vineyard.

1 IntroductIon

Reduced availability of human workers and international competitions in viniculture and orchards, leads 
to new automation technologies for maintaining processes. These technologies can reduce costs as well as 
environmental impacts.

Autonomous ground vehicles in orchards or vineyards have been shown by other research teams before [4, 7]. 
But usually existing vehicles like tractors or small cars are applied and modified [9, 11]. The authors aim to 
build a completely new modular vehicle, with four individual steered wheels and integrated electric hub motors 
[5]. Modularity gives more flexibility for different row structures and working tasks. Electric drives means no 
oil for hydraulic, which results in less environmental pollution. This also applies to the electric driven sprayer.

In the last decades, progress on the technical development of plant protection machinery for orchards and 
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vineyards has primarily been achieved by optimizing blowers, airfl ow and nozzles for drift reduction. 
Nowadays, innovations are also aimed on reducing work load, reducing power demand and achieving a higher 
application quality. Using an autonomous platform for spraying not only could improve labour effi ciency, but 
also operational safety  [6]. Reducing power demand while concurrently improving application quality is aim 
of the sprayer construction.

Information technologies and sensors are increasingly gaining importance in horticulture. Unmanned 
autonomous fi eld robots  [14] use several sensors for navigation and obstacle avoidance  [8] like laser range 
scanners  [3], 3D Time of Flight cameras  [12] or GPS. To handle this distributed system with sensors and 
actuators, the open source software framework ROS  [13] (Robot Operating System) is applied. ROS also 
supplies the 3D simulation environment Gazebo in order to simulate robots and sensors behaviour. Gazebo 
plugins have been generated for different sensors like a colour camera, 2D laser scanner Sick LMS511, 3D laser 
scanner Nippon FX-8, IMU and GPS. The plugin for the wheel drives includes PID controllers, which brings 
the simulation as close as possible to the reality. In Gazebo tested and optimised algorithms for navigation can 
be directly adapted to the hardware (robot). Thus, development time is strongly reduced.

2 technologIeS

2.1 Vehicle Concept
The vehicle has an installed power of 60 kW provided by two automotive diesel engines, at which 30 kW can 
be used for the drive train and 30 kW for working processes. 
It will carry a payload of up to 1500 kg. The chassis is based on a modular electric drive system with four single 
wheels with integrated electric hub motors and independent steering. 

Figure 1: Setup of single wheel drive

The four permanently excited synchronous machines (PSM) have each an installed power of 7 kW and are air-
cooled. They are integrated within the rim as hub motors. The generators are directly connected with the diesel 
engines and can deliver each up to 30 kW electrical power. The generators are water cooled.
The modular and scalable concept makes it possible to adapt the vehicle to the different requirements in orchards 
and vineyards. Electric drives have been chosen for better controllability and possible energy conservation

           Figure 2: Layout of the vehicle
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2.2 Plant Protection Equipment
With plant protection in vineyards, the foliage density hinders spray penetration to target surfaces with 
insufficient wetting of all parts of the plants. Numerous tests showed that, depending on the manufacturer, 
blower type and even sprayer adjustment, power consumption as well as application quality differs widely [2, 
10]. At the Institute of Viticultural Engineering in Geisenheim, a new type of sprayer for vineyards and orchards 
therefor is being constructed. Optimizing the air distribution and speed, the number, position, orientation and 
type of the nozzles, should lead to a better spray deposit on the plant surface and a better energy efficiency of 
the whole spraying system.

To reduce power consumption, the new sprayer has 8 blowers, one for each nozzle, and two pumps, all of 
which are electrically driven. Using frequency converters allows the adaption of the air flow by regulating 
the rotation speed, according to the height and depth of the rows, considering cross wind effects as well. In 
addition, pressure control of the spraying system also works with rotation speed control of the pumps, thus 
avoiding pressure regulating with a waste gate. Compared to reference spraying machinery, test results showed 
considerably less power demand, simultaneously gaining application quality.

To achieve a better efficiency, the new blower-nozzle-units are developed using a computational fluid dynamics 
(CFD) software. With the requirements for orchard sprayers, simulation showed a radial fan with forward-
curved blades as best solution. To achieve a homogeneous flow, air deflectors are necessary (Fig. 3). Based on 
this knowledge, a test carrier was constructed using standard components (Fig 4), machine control is provided 
via CAN Interface.

                   
            Figure 3: Simulation of the air distribution               Figure 4: Test Sprayer

First field tests with the sprayer showed promising results. Integration of the gap detection system, which 
prevents each single nozzle from spraying when a gap in the foliage appears, will be the next step. The adaption 
of the sprayer to the robot and further field test will be performed.

2.3 Sensors & System components
The autonomous driven ground vehicle needs to sense its environment for navigation and obstacle avoidance. 
Therefore a couple of sensors with different tasks are applied. In our case e.g. a standard laser range finder from 
Sick gives back the main information for the navigation task. It also can detect obstacles, but only restricted. 
Thus, a Time of Flight camera, a 3D laser range finder or a multi reflectance ultrasonic sensor can be a good 
addition to overcome this problem. The table below shows applied sensors and their role for elWObot.
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sensor type of 
Measurement

Detection range tasks and options

sick lMs511
1x

Laser Range Finder
Time Of Flight

Field of View: 190°
Angular Res.: 1.66°
Max. Distance: 80m

- Navigation
- Obstacle Detection

Nippon Signal FX8
1x 3D Laser Range 

Finder
Time Of Flight

Resolution: 65 x 40
Field of View: 

50° x 60°
Max. Distance: 12m

- Obstacle Detection
- Leaf Wall Detection
- Navigation

Mesa sr4500
2x

3D Time Of Flight 
Camera

Resolution: 176 x 144
Field of View: 

69° x 55°
Max. Distance: 9m

- Obstacle Detection
- Leaf Wall Detection
- Navigation

Microsonic wms-
340
4x Ultrasonic Range 

Finder

Max. Distance: 5m
- Obstacle Detection
- Leaf Wall Detection

IMu razor 9DoF
1x

Inertial 
Measurement Unit

ITG-3200-triple-axis digital-
output gyroscope.

ADXL345-13-bit resolution, 
±16g, triple-axis accelerometer.

HMC5883L-triple-axis, digital 
magnetometer.

- Decline Detection
- Calculate Absolute
   Position
- Velocity

Navilock NEO 6P
1x

GPS-Receiver

Positioning accuracy:

GPS: 2.5 m 
SBAS: 2.0 m 
SBAS + PPP:  < 1 m (2D, R50) 
SBAS + PPP:  < 2 m (3D, R50)

- Calculate Absolute
  Position
- Velocity

Levelone FCS-122

Network Web-Cam Resolution: 1280 x 800
Framerate : 10fps

- Documentation
- Surveillance

Incremental 
Encoder

4x
Wheel Position ---

- Velocity
- Calculate Absolute 
  Position
- Odometry

rotary sensor
4x

Absolut Wheel 
Angle

---
- Calculate Absolute
  Position
- Odometry

Table 1:  Applied sensors on elWObot
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One important requirement to the system architecture is fl exibility. This is achieved by using Ethernet as 
bus system and TCP/IP as protocol. A Gigabit Switch is the central unit of the architecture and connects all 
sensors and actuators to an industrial PC. Devices without an Ethernet interface e.g. GPS-Receiver (RS232) 
or the motor-controller (CAN), uses an adapter for converting the data transport in both directions. A benefi t 
of this architecture is modularity and the possibility to connect to every device over the standard PC Ethernet 
interface. Remote access is established via a Wireless LAN Access Point. Thus, the vehicle can be controlled 
and sensor data can be read out from external without running the PC on the robot. Next Figure shows the 
system architecture in principle:

Figure 5: System components

The open source framework ROS (Robot Operating System) has been chosen for integrating device drivers 
and navigation algorithms. Like shown in Figure 5, the whole system is divided in many devices (sensors & 
actuators), which distribute data and receive commands. Every sensor and actuator has its own “intelligent” 
and exchanges data. The main task of ROS is the management of this exchange.  Figure 6 shows “Messages” 
(rectangle frame) and “Nodes” (elliptic frame). Every node describes a program running in its own process. 
The exchange of the data between the processes is established over “sockets” with so called messages.
The task of the “toolbox node” (Fig. 6) is, to evaluate the sensor data and to send drive commands (/cmd_twist) 
to the motor controller. So, it plays a central role, and almost all other nodes are connected directly to it. 

Figure 6: ROS: data exchange between nodes (elliptic frames)
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3 teSt and SImulatIon envIromentS
Because outdoor measurements are not possible in all seasons and every test drive in an orchard or vineyard 
needs a time-consuming preparation, an additional indoor simulation and test platform was build. This platform 
is suffi cient for testing system architecture, dynamic behaviour of the sensors and fi rst navigation algorithms. 
In Figure 3 the Fraunhofer robot platform Volksbot RT 4 is shown. GPS, the industrial switch, the WLAN-
access point and the industrial PC are exactly the same which later on will be installed on elWObot. So, almost 
all software modules can be reused.

Figure 5: Simulation and test platform VolksBot

ROS supports a lot of helpful tools like RViz (sensor data visualization), SMACH (state machine) or Gazebo, a 
3D simulation environment. The combination of Gazebo and Rviz is a very powerful tool for the development 
of navigation algorithms. Generated simulation data can be visualized and   verifi ed in RViz. 
Maize is plant in a row structure like vineyards and orchards, thus for writing and testing fi rst navigation 
algorithms in Gazebo, a model of the VolksBot and existing maize rows are applied.
Next Figure (Fig. 7) shows a model of the VolksBot with a lasers canner, a Time of Flight camera and a smart 
cam. The data of these sensors are visualized in RViz (on the right hand side).

Figure 7: Gazebo and RViz

3.1 Navigation
First algorithms have been implemented and tested in the simulation and on the VolksBot platform. Finding the 
way in between the rows is done reactive. This means, evaluating the sensor data and control the robot directly. 
Another way would be to continuously generate a map, calculate the position and use this information for 
navigation. This leads to SLAM-algorithms (Simultaneously Localization and Mapping) and is exaggerated 
for this row navigation. To structure the different functions, a state machine (SMACH) is used. A pattern mode 
gives the ability to choose in advance, which rows should be driven through.
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Figure 7: State machine for row navigation

A fi rst model of elWObot is implemented in Gazebo. PID controller for the drives and the steering are applied, 
to have a model as close as possible to the reality. Actually, the robot is able to switch between four steering 
modes (Fig. 8):

o Front wheels steering
o Rear wheels steering
o Front and rear wheels steering
o Crab mode

Figure 8: elWObot steering modes in Gazebo

4 outlook
First parts of elWObot have been built by the company Raussendorf and will be assembled and verifi ed in the 
next stage. Sensor- and system technology has been conducted in orchards (cherry, pear and apple) mounted 
on a remote controlled vehicle (Caesar [1]),  still without a leaf wall. This will be caught up with the elWObot 
prototype. Navigation algorithm developed with the help of gazebo will be adapted to the robot. Further on, 
sensor data from the leaf wall will be evaluated and used to control plant protection equipment.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



23

ACKNOWLEDGEMENTS
The project is conducted in cooperation between University of Applied Sciences Osnabrueck, Technical 
University Dresden, Geisenheim University and the companies Karl E. Brinkmann GmbH, Raussendorf 
Machinen- und Gerätebau GmbH, Obstland Dürrweitzschen AG and Weingut Schloss Proschwitz. The 
project is supported by funds of the Federal Ministry of Food, Agriculture (BMEL) based on a decision of the 
Parliament of the Federal Republic of Germany via the Federal Office for Agriculture and Food (BLE) under 
the innovation support program.

rEFErEnCEs
[1] Raussendorf Obstroboter Cäsar. http://www.raussendorf.de/obstroboter.html. Accessed September 

2013.
[2] Bäcker, G., Keicher, R., Störtländer, H. 2009. Innovationen bei der Gebläsetechnik. Der Deutsche 

Weinbau, 6, 32–37.
[3] Barawid, O. C., Mizushima, A., Ishii, K., and Noguchi, N. 2007. Development of an Autonomous 

Navigation System using a Two-dimensional Laser Scanner in an Orchard Application. Biosystems 
Engineering 96, 2, 139–149.

[4] Bergerman, M., Singh, S., and Hamner, B. 2012. Results with autonomous vehicles operating in 
specialty crops. In 2012 IEEE International Conference on Robotics and Automation (ICRA), 1829–
1835.

[5] Geißler, M., Aumer, W., Lindner, M., and Herlitzius, T. Elektrifizierte Einzelradantriebe in mobilen 
Landmaschinen. Landtechnik 2010, 65, 368–371.

[6] Griepentrog, H. W., Ruckelshausen, A., Jorgensen, R. N., Lund, I. 2010. Autonomous Systems for 
Plant Protection. In Precision Crop Protection - the Challenge and Use of Heterogeneity, Oerke, E.-C., 
Gerhards, R., Menz, G., Sikora, R. A., Ed. Springer Science+Business Media B.V, 323–334.

[7] Hamner, B., Singh, S., and Bergerman, M. 2010. Improving Orchard Efficiency with Autonomous 
Utility Vehicles. In American Society of Agricultural and Biological Engineers (ASABE) (An ASABE 
Meeting Presentation).

[8] Hamner, B., Singh, S., Roth, S., and Takahashi, T. 2008. An efficient system for combined route 
traversal and collision avoidance. Autonomous Robots 24, 4, 365–385.

[9] Hansen, S., Bayramoglu, E., and Andersen, J. C. 2011. Orchard navigation using derivative free Kalman 
filtering. In American Control Conference (ACC), 2011. IEEE, Piscataway, NJ, 4679–4684.

[10] Knewitz, H., Koch, H., Lehn, F., Schowalter, B. 2008. Unten wie oben? Das Deutsche Weinmagazin, 
32–37.

[11] Kurashiki, K., Fukao, T., Ishiyama, K., Kamiya, T., and Murakami, N., Eds. 2010. Orchard traveling 
UGV using particle filter based localization and inverse optimal control.

[12] May, S., Werner, B., Surmann, H., and Pervolz, K. 3D time-of-flight cameras for mobile robotics. In 
2006 IEEE/RSJ International Conference on Intelligent Robots and Systems, 790–795.

[13] Quigley, M., Conley, K., Gerkey, B., Faust, J., Foote, T., Leibs, J., Wheeler, R., and Ng, A. Y. 2009. 
ROS: an open-source Robot Operating System. In ICRA workshop on open source software.

[14] Ruckelshausen, A., Biber P., Dorna M., Gremmes H., Klose R., Linz A., Rahe F., Resch R., Thiel 
M., Trautz D., and Weiss U. 2009. BoniRob – an autonomous field robot platform for individual 
plant phenotyping. In Proceedings of the 7th European Conference on Precision Agriculture (ECPA), 
Wageningen Academic Publishers, pp. 317–318.

Contact: 
Dipl.-Ing. (FH) / B.Eng., Andreas Linz 
Faculty of Engineering and Computer Science, University of Applied Sciences Osnabrück
Albrechtstr. 30, D-49076 Osnabrück, Germany
Email: a.linz@hs-osnabrueck.de

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



24

GNSS-based Automation of a Lateral Move for Site-specific 
Irrigation
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abstract
Changing climate requires profound knowledge about the drought tolerance of plants. This article describes the 
development of a control system for lateral moves designed for site specific irrigation.  The control system acts 
based on GNSS (Global Navigation Satellite System) and GIS (Geographic Information System) technology 
and controls heading, travel direction of a lateral move as well as the application rate of ten different irrigation 
sections. The system is designed to autonomously control a lateral move for site specific irrigation tasks based 
on irrigation application maps.

Keywords
GNSS, GIS, Irrigation, Steering System, Section Control 

1 IntroductIon
Global climate change poses a challenge for agricultural production. Especially the growing spatial and 
temporal variations in the distribution of rainfall result in intermittent periods of water scarcity. Hence water 
availability increasingly evolves into being a limiting factor for plant growth under formerly humid European 
climate conditions.

Agricultural production processes as well as the potential of plant species to cope with drought need to be 
evaluated with respect to their feasibility to optimize plant production under different climate scenarios. 

The Agricultural Center for Technology (LTZ) in Augustenberg (Germany) aims at investigating the effect 
of different irrigation strategies and climate scenarios on different plant species. In order to accurately and 
automatically apply water at different application rates to parcel plots the LTZ tasked the company geo-
konzept (Adelschlag, Germany) to extend the existing GI software MiniGIS with functions that allow steering 
the tower of the lateral move as well as controlling its speed and the application rate of ten different sections.

2 SyStem archItecture and InterfaceS
The control system is composed of different components the core elements being an RTK-GNSSS heading 
receiver and a custom GIS application. The system interfaces with the actuators on the lateral move through 
an analogue relay interface.

The lateral move has an overall width of 124 m. It is equipped with ten dripper fields each 12 m wide and 3 
m long. It travels at a very low speed (~180 m/h). The lateral move features a switch box with relay interfaces 
that allow activating and deactivating the following functions:

•	 Travel direction (forward/backward)
•	 Electric motor for wheels on the right side
•	 Electric motor for wheels on the left side
•	 Single irrigation sections

2.1 Geographic Information System
Parcel plot trials consist of different plots arranged in a rectangular pattern. Parcel size may differ in width and 
length but generally falls well below the size of an agricultural field (~0.6 – 30 m2). Parcel plot trials serve the 
purpose of comparing the productivity of different breeds or the effect of different treatments on plants under 
ceteris paribus conditions. Concluding significant results requires a complex distribution pattern and multiple 
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repetitions within the trial resulting in a high number of parcels per trial (~100-10000).
The establishment of a parcel plot trial traditionally requires marking the edges and the access paths between 
the parcels in longitudinal direction by means of conventional survey methods (measure tape, optical square). 
This process is very labour intensive and has traditionally been one of the major limiting factors for extending 
the number of trials or parcels within a trial.
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Figure 1: Parcel Plot trial

geo-konzept (Adelschlag, Germany) has been developing systems in the realm of GNSS and GIS for more than 
20 years. They have been involved in the development of automation processes during the establishment of 
plot trials since 2004. A core element of their product line is a GI system specifically designed for generating 
and positioning large plot trials based on field boundaries. The initial focus was to create guidance information 
for automatic steering systems and control points for seeders in the office ahead of the seeding period and 
thus establish trials in the field from planning data without conducting any field survey at all. The GI software 
MiniGIS has since then be successfully adopted by a number of seed breeders for more efficiently managing, 
planning and establishing plot trials.

2.1.1 Task Planning Module
MiniGIS was initially developed to design parcel plot trials as a group of rectangular plots in real world 
coordinates. Given the number of parcel plots in horizontal (rows) and vertical direction (columns) as well 
as the length and width of the plots the software generates a grid which may be freely rotated and aligned to 
given geographic structures such as field boundaries. Whenever a trial is exported for use in an automatic 
steering system the software generates ESRI Shapefiles containing the parcel plots as well as guidance lines in 
longitudinal direction for sowing and in latitudinal direction for travelling along the access paths.

Within the project the functionality has been extended to match the requirements of controlling the lateral 
move. The irrigation module generates a single guidance line for the tower of the lateral move. In addition, the 
user can set individual irrigation prescriptions in mm water per square meter for every single parcel plot. Task 
planning may be performed on a tablet computer in the field or on a PC on the office.    

2.1.2 Interface Module
The interface module continuously reads data from an external GNSS receiver and interacts with the relay 
interface of the lateral move. Position, heading and speed information from the GNSS receiver are being 
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evaluated, converted and provided to the steering and application module for further processing. 
The interface module acts as a hardware abstraction layer for controlling the lateral move. It drives an external 
analogue I/O-interface connected to the USB port of the tablet computer. It reads an input signal indicating 
an emergency stop requested by the lateral move, sets the travel direction (forward/backward), controls the 
electric motors moving the right/left wheels and turns individual dripper sections on and off.  

2.1.3 Steering Module
The steering module controls the travel direction of the lateral move by activating and deactivating the electrical 
motors driving the left and right hand side wheels of the tower. 
Based on position data from the GNSS receiver, the steering module calculates the offset (track error) to the 
desired path (guidance line) previously generated in the Task Planning module and adjusts the tower heading to 
minimize the offset without undercutting predefined limits given by the mechanical geometry between tower 
and lateral move.  

2.1.4 Application Module
The application module controls the forward movement of the tower as well as the valves feeding the individual 
dripper fields.

The application control module moves the tower forward at the beginning of the guidance line. The tower is 
automatically stopped when reaching the end of the guidance line after having treated the last row of plots. 

The application module also stops the tower once the dripper fields cover untreated parcel plots. It opens the 
valves of all dripper fields and switches them off when the underlying application amount has been reached. 
The dosage is calculated based on a predefined flow rate and the period of time passed since the activation 
of the valves. Once all plots in a row have been irrigated with the prescribed application rate, the application 
module lets the tower move forward until the dripper fields cover an untreated area. 

2.2 GNSS Receiver
The control system on the lateral move features a geo-kombi RTK-GNSS heading sensor with two antennas 
mounted on the tower.

Figure 2: tower with Gnss antennas

The GNSS sensor receives and processes signals from both GPS and GLONASS satellites. A local Trimble 
AgGPS 450 RTK base station provides CMR-correction data over a 450 MHz radio link. The geo-kombi 
receiver features an internal modem for receiving and processing the correction data. The receiver is mounted 
inside a switch cabinet on the tower. The data generated is transmitted to a tablet PC by means of RS232 serial 
communication.
In addition to delivering highly accurate positions the moving base functionality based on the reception of 
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satellite signals from two antennas enables the GNSS sensor to output highly accurate heading information - 
even when the tower is not moving.
Steering the tower to the optimal path without exceeding the very limited tolerance of angular deviation 
between the tower and the boom can only be accomplished with highly accurate heading data from a moving 
base GNSS system. Also during forward movement, the heading information from typical Doppler shift 
calculations performed in single antenna sensors suffer from the low travelling speed and the resulting high 
signal-to-noise ratio.

2.3 PC Hardware and Control Interface 
MiniGIS has been developed for Windows Operating systems. Therefore, a Rugged Tablet PC (Algiz 10) with 
Windows XP was chosen for controlling the lateral move. The PC has been installed in a switch cabinet next 
to the GNSS sensors and the relay interfaces on the tower of the lateral move.

The PC was connected to the GNSS receiver with a serial data cable. The connection to the relays for controlling 
the valves of the dripper fields and the movement of the tower was accomplished by installing a standard 
analogue I/O interface box which was connected to the PC with a USB interface cable.   

3 SyStem operatIon

3.1 System States
Operating the system requires to prepare a task. A task consists of a geo-referenced application map with 
underlying irrigation amounts. The number of columns in a trial for the lateral move described above is defined 
by the number of dripper fields (10). The number of rows in the trial is only limited by the length of the power 
cable supplying the lateral move with electricity. Direction and position of the trial in real world coordinates 
are adjusted in the software MiniGIS based on underlying vector maps or aerial photographs. MiniGIS can 
handle several trials in one single project file which may be recalled or altered any time. 
The software will automatically create a guidance line for the tower based on the geometry of the lateral 
move defined in the project settings. Also, the flow rate of water supply should also be defined as accurately 
as possible in the settings sections of the software. The settings also hold information on the antenna location.

Figure 3: Module Flow Chart / operational states

Once the lateral move has been aligned on the beginning or end of the guidance line, the system starts to 
control the lateral move autonomously after manual activation. While travelling forward the steering module 
continuously tries to minimize the track error by stopping the electrical motors driving the right/left wheels and 
thus adapting the heading of the vehicle (Navigation, s. Figure 3). Heading changes are only performed while 
the angle between the boom and the tower undercut a threshold value. 
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Figure 4: plot trial after irrigation event (source brochure Schillinger GmbH)

Once the dripper fi elds cover a part of a row of plots that not has been treated the steering module stops the 
vehicle. The application module reads the applications amounts for all ten parcels under the dripper fi elds, 
stores the time and opens all valves thus releasing water from the supply system to the dripper fi elds. The fl ow 
rate is assumed to be constant so that the amount of water applied to each parcel is merely a function of time. 
After all parcels have been treated with the predefi ned amounts of water, the application module reactivates 
the steering module and the lateral move travels forward until the dripper fi elds cover an untreated area or the 
tower reaches the end of the guidance line.

3.2 Graphical User Interface
MiniGIS provides a graphical interface for designing parcel plots. The main map window has been extended 
to display the boom of the lateral move and the parcels coloured by scheduled irrigation amount (Figure 4). 
During operation, the map window is being updated once per second.

A dedicated status window informs the operator about the current readings from the GNSS receiver (position, 
speed, heading, GNSS status). Ten coloured triangles illustrate the status of the dripper fi elds (on/off). Both 
scheduled and currently applied amount of water are shown below the correspondent triangles. Track error 
(offset from guidance line) and current steering angle are displayed below the dripper fi eld status bar. Arrows 
indicate the current travelling direction.

The settings menu for adjusting fl ow rate, antenna position and threshold values can be accessed any time by 
pressing the button on the lower right side of the status window.      

Fi gure 5: Graphical user Interface
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4 concluSIonS
This paper describes the development of an extension to an existing Geographic Information System for 
autonomously controlling a lateral move in plot trials. The software controls forward movement, steering 
behaviour and the water application rate of ten different sections on a lateral move interfacing through analogue 
relays.
All control modules act based on positions derived from a RTK-GNSS sensor applying moving baseline 
technology to the signals received from two antennas on the tower of lateral move. The system has been in 
operation for two years and may be extended to operate different platforms or to serve different purposes in 
parcel plot trials.
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Industrial mobile robots in intralogistics applications

Tino Krüger-Basjmeleh, ,Volker Viereck, Thomas Wittmann, Dr. Joachim Toedter
Still GmbH

abstract
Presentation of autonomous mobile STILL robots “FM-X autonom” and “CX-T autonom”. The robots were 
developed in the framework of research work. Their task is to cooperate in a scenario of fully automated 
loading and unloading of tugger trains. The goal is to fulfil a demand for highly flexible automated transporters 
that can be cold commissioned and adapted to changing processes by the user without support from specialists. 
This is presented by using an example of route planning processes.

Keywords
industrial mobile robots, path planning, cooperation

1 IntroductIon
STILL supplies customised internal logistics solutions and implements the intelligent management of material 
handling equipment, software and services worldwide. With over 7 000 employees, four production facilities, 
14 branches in Germany and 20 international subsidiaries as well as a global dealer network, STILL is a 
successful international player. Today and in the future, STILL fulfils the requirements of small, medium-sized 
and large companies with highest quality, reliability and innovative technology.

1.1 Challenges from the market
Due to the risen complexity and dynamics of the applications, flexibility and adaptability of logistics plays 
an ever more important role. Beyond this, the importance of automating internal logistics processes is rapidly 
growing. Due to consistently increasing requirements, partial or full automation in a range of warehouse 
processes or internal production supply is moving more and more into focus. An end of this trend is not in 
sight. Especially small and medium-sized companies are interested in automating warehouse and transport 
processes. However, high complexity in planning and design, initial installation and adaptation of currently 
available automation solutions require the work and experience of experts and this in turn leads to high 
and difficult to calculate investment costs for purchase, maintenance and adaptation, so that in many cases 
automating solutions are not implemented.
Beyond this, future automation solutions will have to function in ever more complex and challenging 
environments where they will have to react to changes with appropriate algorithms to detect their environment. 

In order to reduce the complexity and consequently the dimension of the required invest for installation and 
adaptation of automation solutions, STILL has been developing automation solutions that allow the user 
to cold commission and operate driverless transport systems and enable the user to adapt these systems to 
changing logistics processes without the support of respective experts. Trend-setting for this development 
is a substantial simplification of operation and the reduction of configuration effort. On the truck side of the 
system this considerably increases the autonomous intelligence for the transport vehicles increasing their level 
of independence allowing them to intelligently adjust vehicle reactions to changed environmental conditions.

The following chapter presents autonomous STILL transport robots that were developed in the frame of 
research work, focussing on their skill to detect the environment and adapt their behaviour correspondingly.

2 StIll reSearch actIvItIeS In robotIcS and automatIon
For a number of years STILL has been engaged in research on mobile robots and closely cooperates with 
a number of institutions and universities with the goal to find answers to the demands of future markets. 
Examples are two current research projects:
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•	 marion – “Mobile autonome, kooperative Roboter in komplexen Wertschöpfungsketten” [Mobile 
autonomous cooperative robots in complex value adding chains]; a co-operation project of the German 
Ministry of Economics and Science - it aims at robotising work process with autonomous vehicles 
specifically considering the cooperation between the involved machines. marion was staged from 
01.08.2010 to 30.11.2013 with the participation of the partners CLAAS, Atos, DFKI and STILL.

•	 Hub2Move – (EffizienzCluster LogistikRuhr; BMBF) - The cooperation project Hub2Move pursues 
the vision of a mobile warehouse with the acronym standing for the material flow systems in which the 
functional elements of the physical flow of materials can be easily adapted to changing requirements or 
be relocated to a better suited location in order to fulfil their function. The goal is to increase flexibility 
and efficiency in logistics performance for the physical flow of materials. Hub2Move is carried out from 
1.6.2013 to 31.5.215 with the participation of Fraunhofer IML, Lanfer Automation GmbH & Co.KG, 
Linogistix GmbH, Transportanlagen Ryll GmbH, van Eupen, STUTE Logistics GmbH and STILL.

The results attained in the marion project for application in intralogistics shall be described below with the 
sample implementation of a fully automated loading and unloading of tugger trains. This application is suitable 
for manually operated and automatic tugger trains alike.

Figure 1 STILL CX-T autonom and STILL FM-X autonom cooperating to load and unload a tugger train 
trailers fully automatically

The system that has been developed, allows to deploy transport robots also in processes that are subject to 
continuous change. To achieve, this a graphical configuration tool was developed that enables the user to 
cold commission the deployed autonomous transport robots independently or to adapt the robots to changing 
requirements.

The information to be given by the tool is by and large limited to the transport routes and the areas of interaction 
that the user wants to assign to be used by the transport robots. Curve shapes or manoeuvres such as approach to 
stored pallets are independently calculated by the robots and do not need to be defined. The dynamic planning 
system developed in the marion project to do this allows to calculate the optimum travel routes that the vehicles 
will later on use in order to achieve a constantly high transport performance, considering the given available 
space and turnover conditions. For a broad acceptance of autonomous vehicles to be operating in a common 
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work area with humans, it is also inevitable for the movements of the machines to fulfil aesthetic requirements 
so that employees in the vicinity of the robot build up trust in the robotic systems deployed.

Two autonomous STILL trucks are used in the scenario covering the fully automated loading and unloading 
of tugger trains. These are the tugger “STILL CX-T autonom” which is towing a number of trailers in route 
operation and the autonomous reach truck “STILL FM-X autonom” which is used to load and unload the 
tugger train trailers. The vehicles navigate with the help of a 3D laser scanner reading their natural environment 
without the need of artificial landmarks for orientation. They communicate directly with each other, exchange 
necessary information or delegate sub-jobs to other vehicles. This functionality is used by the tugger when it 
receives the job order to move a load carrier to a specific location. To do this, it requests a suitable vehicle from 
the fleet and then assigns the respective sub-order to the most suitable vehicle. 
Already while moving towards the destination, the tugger “CX-T autonom” analyses the scene to determine 
the position of the trailers and publishes the gained information to the sub-vehicle, in this case the loading 
reach truck “FM-X autonom”. As soon as both vehicles have reached their destination, the unloading truck 
plans a cost-optimised route to the trailer that is to be unloaded considering possible obstacles that may be 
temporarily in the way with a 2D and 3D scan of the surroundings. The trailer is unloaded while the unloading 
truck constantly scans the position of the trailer or the pallet that is to be picked up. This enables the unloading 
truck to adjust to allowances in the positioning of the trailer or the pallet on it respectively. 
After the pallet was unloaded, both vehicles pursue follow up orders. If necessary, they will again cooperate 
autonomously to complete further transport jobs.

Figure 2 Configuration tool to set up the work area of the autonomous transport robots

3 route plannIng methodS
The example developed in the frame of the marion project shows how algorithms are deployed in obstacle-
oriented route planning, in order to increase the level of autonomy of the vehicles and consequently to 
significantly reduce the necessary configuration effort in station areas, i.e. in areas of the halls with pallet 
movements. Goal of the method is to calculate a free route for a transport robot basing on its axial geometry 
with the data of the current position and the destination provided by the laser scanner, considering the current 
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obstacle situation. Applications in mobile robotics only provide a limited time frame to solve such non-linear 
optimisation problems. Solutions for such problems are provided by gird planners that base on Anytime 
Algorithms. The method developed in the frame of the marion project bases on an ARA* algorithm from the 
Search based Planning Library (SBPL) and was adapted to the special requirements of mobile transport robots.
Common algorithms on grid based breadth-fi rst searches, as for example the A* algorithm do generate an 
optimum route following a given cost function in a single planning cycle, however, such approaches do not 
permit limitations or any other external infl uences. 

The ARA* algorithm used in the marion project uses a heuristic anytime search which adapts its performance 
to the time made available for calculation. Planning starts by adapting the heuristics to a fast search, usually 
yielding sub-optimal results and then progressively limits the search area to fi nd optimised solutions depending 
on the associated calculation time available. Lengthening the calculation time will approximate the algorithm 
to the A* algorithm.

Figure 3 Results of the deployed route planning algorithms

Figure 3 graphically shows the results of route planning. The left image shows two robotic vehicles that have 
entered a cooperation as described in chapter 3. The tugger transmits the estimated position of the trailer to be 
unloaded to the unloading truck (in the bottom right of the left image). The unloading truck in turn initialises 
its on-board sensor-based trailer recognition programme to determine the exact position of the trailer and the 
respective relative position of the target (red cross). After that the route planning programme of the unloading 
truck is requested to calculate a cost-optimised route to the target considering the geometry of the unloading 
truck. To do this, the starting point, the destination and all obstacles are mapped and handed over to the ARA* 
algorithm. 
The right image shows the result of the calculations. The blue boxes indicate the intermediate positions of 
the vehicle while moving from start to goal. After the calculation, the path can be followed by the vehicle as 
calculated. The detection of the trailer continues throughout the movements of the unloading vehicle so that 
corrections of the positions can be directly considered in the calculations of the path.    

4 concluSIonS
With its participation in different research projects and its cooperation with institutions and universities, STILL 
supports the development of state-of-the-art methods and technologies for driverless transport systems and 
mobile robotics. The projects marion and Hub2Move which were briefl y introduced as well as the target 
scenario of the marion project to load and unload tugger trains fully automatically with cooperating STILL 
transport robots impressively showed up the opportunities inherent in the deployment of autonomous transport 
systems in intralogistics and production. The confi guration effort for the user is reduced by the increase of the 
independent intelligence of the vehicles. Compared to traditional approaches, only a fraction of information 
is necessary to operate an autonomous vehicle safely and with maximum transport performance. Augmented 
with the capability to adapt autonomously to changes in the environment, future autonomous robots fulfi l the 
need for maximum fl exibility enabling them to adapt to individual applications.
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abstract
The collaborative research project RemoteFarming.1 integrates innovative agricultural engineering (field 
robotics, sensors, actuators) and web-based communication technologies. It aims to develop a robotic weed 
control system which integrates a human user as remote worker in the process. Thus, it drastically reduces the 
complexity of the problem in heterogeneous environments by not aiming to solve it using a fully autonomous 
system but integrating human-machine interaction as crucial component in the process. The system will be 
used for intra-row weed treatment in organic farming where weed control is currently conducted by hand. 
Within the project an autonomous field robot – based on the platform BoniRob - is being built. It is able to 
autonomously navigate on the field and has an actuator for mechanical weed treatment. Furthermore, it uses 
synchronously triggered cameras and lighting units at different wavelengths which can capture high-contrast 
images of the plants in a shaded space underneath the robot. The communication between the modules on the 
field robot - e. g. navigation module, sensor module and actuator module - is implemented using the open-
source framework ROS (robot operating system). 
First, the detection/identification of weeds in RemoteFarming.1 is performed in a web-based approach solely by 
a remote worker, who marks the weeds in images captured by the robot on the field. Afterwards the mechanical 
actuator of the robot moves to those positions in the field which have been marked and eliminates the weed 
plants. Further developments in the project lead to a not fully but increasingly autonomous and still robust 
weed control system. RemoteFarming.1 helps to improve the working conditions by avoiding manual labor 
and shifting the workplace to a comfortable web interface.

Keywords
Field robot, Human machine interaction, Intra-row weed treatment, Remote worker

1 IntroductIon
The collaborative research project RemoteFarming.1 deals with the problem of robotic weed control in organic 
farming at the example of carrots. Carrots are usually cultivated on ridges with row-distances of approx. 50-90 
cm. A typical spacing between plants in row direction is 2.5 cm. The system will be used for intra-row weed 
treatment in carrots at BBCH- scales 10 to 20. In this application in organic farming the weed treatment is still 
conducted by hand.
For mechanical weed control between the crop rows (inter-row) tractor implements and various kinds of equipment 
are available and have been commonly used for decades. Some common tools are hoes, harrows, sweeps, weed knives 
or shovels. These tools operate flat on the ground and capture germinating and germinated weeds in the root zone [3]. 
The so gripped weeds will be destroyed or disturbed in their development. The achieved efficiency is on average about 
50 % [3]. With inter-row weed treatment, a small unprocessed stripe of only approx.  5 cm to both sides of the row crop 
is possible with a highly accurate steering [4]. There is a variety of implements for mechanical intra-row weed 
treatment like finger and torsion weeders. They are simply pulled along the rows and the success of their 
performance is highly dependent on crop-weed selectivity factor [8]. More sophisticated devices for intra-row 
weed treatment in maize are the cycloid hoe developed by the University of Applied Sciences Osnabrueck [6] 
or the Robovator developed by F. Poulsen ApS Engineering [9]. However, none of these devices fulfill the 
requirement of individual plant treatment nor differentiation of germinating weeds and crops like it is needed 
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in organic farming in carrots. For this reason, intra-row weeding in carrots is still conducted by hand. This 
leads to high costs and labor input with approximately 275 labor hours per hectare [11].
The automatic detection/identification of weeds in germinating crops is very challenging. Moreover, detection/
identification of weed in autonomous robotic weed control remains the most challenging part [13]. Several 
approaches introduce complex parameter-sets, which have to be adapted to the situation’s lightning conditions, 
growth stages, soil condition etc. to overcome the challenge of heterogeneity [2], [5]. Some approaches 
include kinds of additional expert knowledge in the process [2]. This is where collaborative research project 
RemoteFarming.1 comes in. It aims to develop a robotic weed control system which integrates a human user 
as remote worker in the process.

2 bonIrob
Within the project a multipurpose field robot platform– based on the field robot BoniRob [12] - was built. 
It was reengineered with focus on robustness and reusability. This lead to increases of power supply by the 
electrical generator, continuous and peak torque at the wheel drives as well as chassis clearance compared to 
the old version of the Robot. The BoniRob has vertically fixed arms for each wheel, which can be rotated in 
the horizontal plane for adjustment of track width and centration of the robot body over the row to be treated. 
The track width can be adjusted between 0.75 m and 2 m. It is now a fully electrified system and able to 
autonomously navigate on the field. It can navigate along crop rows and ridges or navigate using GPS data. 
For navigation an inertial sensor (Xsens) and a 3D MEMS Lidar (FX 6, Nippon Signal) are used. Details on 
navigation can be found in [15].

Fig. 1: BoniRob-App Concept

Another new feature is the free space within the corpus of the BoniRob which is designed as a carrier, supplier 
and base for multiple BoniRob modules. This modules are called ‘BoniRob-Apps’. BoniRob-Apps can be 
compared to the traditional combination of a single tractor with multiple implements. They can be integrated 
into the platform using defined mechanical, electrical and logical interfaces. The ability to mount Apps with 
different purposes allows using the platform over an extended period in the year and increases the rate of 
utilization of the BoniRob. So far three Apps have been developed as mentioned in Fig. 1 and [1].

3 remotefarmIng.1
RemoteFarming.1 integrates innovative agricultural engineering (field robotics, sensors, actuators) and web-
based communication technologies. Within the project a BoniRob-App for mechanical weed control in carrots 
is developed. But RemoteFarming.1 is much more than the development of a single App for BoniRob. It is 
the integration of BoniRob and App in a complex environment including web-based communication, server, 
web-client and a human worker at a remote interface. It aims to develop a robotic weed control system which 
integrates a human user as remote worker in the process. Thus, it drastically reduces the complexity of a 
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problem in heterogeneous environments. The project is split into two parts: RemoteFarming.1a and Remote 
Farming.1b.

3.1 BoniRob-App for mechanical weed control
The RemoteFarming.1 App contains the following components which are all in a shaded space underneath the 
robot (Fig. 2).

Fig. 2: BoniRob including RemoteFarming.1 App

Manipulator: The manipulator is a delta robot with a parallel kinematic structure (Verltru D8). It has four 
degrees of freedom, one rotational and three translational. It has a working range diameter of 800 mm and a 
stroke of 200 mm.

Fig. 3: Mechanical Weeding Tool

Mechanical weeding tool: For the weed control action a novel mechanic weed control tool (‘tube-stamp’) was 
developed (Fig. 3). The tube-stamp comprises a tube with a stamp channeled inside. The stamp is pushed into 
the soil by a jack screw driven by a BLDC electric motor. Stamp and tube are connected using a combination 
of two springs with different spring constant, such that the tube is also pushed towards the ground during the 
weed control action. While both are moving towards the ground tube advances and has soil contact first in 
order for fixing the weed on the ground during the weeding action. Than the stamp follows, pushes the weed 
into the soil and at peak of its soil penetration advances the tube’s top. Thereby, its specially sharpened head 
damages the weed. Weeds treated like this show none or very low remaining growth allowing the crop plant 
to advance. Furthermore, this kind of weed treatment does not cause broad loosening of the soil which would 
stimulate germination of new weeds.

Cameras: There are two monochrome cameras with dual GigE including PoE (Power over Ethernet) and a 
NIR sensitive imager (Baumer HXG20NIR, up to 105 fps at 2048x1088 px) to provide pictures to the remote 
worker. The first is mounted pointing directly on top of the plants (Fig. 4-a)). The second one is mounted at a 
different angle to get a side view of the plants (Fig. 4-b)). This multi view concept assists the remote worker in 
difficult situations, like overlapping plants, to verify his decision.
The camera on top is also used for plant detection (RemoteFarming.1b.) and visual localization. A third camera 
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with the same imager but performing higher frame rate (Baumer HXC20NIR, up to 334 fps at 2048x1088 px) 
is mounted at the weeding tool and is used for visual servoing. Details on the vision based manipulation can 
be seen in [7].

Fig. 4: Camera and Lighting Unit

lighting: The lighting unit consists of eight LED cluster (Fig. 4-c)) which are equally equipped with red (625 
nm) and infrared (940 nm) power LEDs and a strobe controller (Gardasoft RT420-20). The cameras and LEDs 
are synchronized using a microcontroller. Two pictures at the particular wavelengths are taken of the same 
scene. The first picture is taken with a red illumination. The second picture is taken at infrared light as soon 
as possible after the first picture. These two monochrome pictures are merged to an RGB image with the red 
illuminated picture takes the red and blue channel and the infrared illuminated pictures takes the red channel. 
This procedure generates a high-contrast suggestive image which allows a clear distinction between plants and 
soil. The use of a wavelength adapted strobe controller has the advantage that the lighting is provided only 
at times at which the camera chip needs to be exposed. This results in significant energy savings which are 
necessary on a mobile platform. 

software: The whole communication of the hardware is based on the software framework ROS (robot 
operation system) [10]. The web-based human-machine interaction is based on an embedded webserver which 
is located on the App’s industrial PC. It was implemented using the toolkits Wt and ROS. It provides a ROS 
service which can be called for an image newly captured by the robot to be marked by the remote worker 
at the web interface. Moreover, a data persistence infrastructure was set up which allows saving image data 
along which user’s marks flexible in XML or in a data base. This is imperative because of different data use 
cases in RemoteFarming.1a and RemoteFamring.1b and because of possible intermittent failures of the mobile 
connection between robot and server [14]. 

Wireless Networks: An UMTS-module is used to transmit/receive data to/from the remote worker. This data 
contain to be marked pictures and weed positions. For nearby communication, e. g for monitoring the system, 
is a wireless access point available. 

Not included in the BoniRob-App but also a very important component of the RemoteFarming.1 process is the 
Server. The server is used to manage all communication between the remote worker and the BoniRob. It is 
also used to save the decisions of the remote worker to improve the system for RemoteFarming.1b.

3.2 Stages of development
The first stage of development, RemoteFarming.1a, can be seen in Fig. 5. The first step is to equip BoniRob 
with the RemoteFarming.1 App. The Robot navigates along the carrot ridges and captures images (Fig. 5-a)). 
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After generating a high-contrast suggestive image (Fig. 5-b)), the sensor data is transferred via internet to the 
server and then to a remote workplace. A human worker identifi es the weed by human “image processing”. 
Image by image the weed positions are marked (Fig. 5-c)). The weed positions are transferred to the fi eld where 
the manipulator positions the weeding tool via visual servoing (Fig. 5-d)). After fi nding the right position the 
weeding tool stamps the weeds into the soil (Fig. 5-e)). After successfully stamping all the marked weeds, the 
robot starts to capture the next image.

Fig. 5: RemoteFarming.1a Process

The detection/identifi cation of weeds in RemoteFarming.1a (Fig. 7, RF.1a) is performed solely by a human 
remote worker, who marks the weeds in images captured by the robot on the fi eld and were sent to him over 
the internet.

Fig. 7: RemoteFarming.1 evolution

Based on the RemoteFarming1.a data, image processing algorithms e.g. weed classifi ers are developed for 
automatic weed control options which will enrich the robust RemoteFarming.1a infrastructure. This second 
stage of development is called RemoteFarming.1b (Fig. 7, RF1.b). The detection/identifi cation of weeds will 
be performed in shared autonomy, where the user will get a colored overlay picture with highlighted plants and 
weeds as well as possible weed/target positions as suggestions of the weed treatment. The remote worker can 
confi rm, modify or delete these colorations and target positions before the weed will be treated. The user inputs 
will be used to improve the weed classifi er model.
The robust framework creates a great potential for further increase of automation which leads to an increasingly 
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autonomous and still robust weed control system. E.g. in a step RemoteFarming.1c the robot could make 
automatic decisions in clear situations and the remote worker would only have to support at ambiguous 
situations.

3.3 Field Trials RemoteFarming.1a
The field trials of 2013 started with the integration of sensor systems and actuator into the field robot. After the 
initial launch of the RemoteFarming.1 BoniRob-App many field trials were conducted. Driving scenarios in 
ridge and row crops with the newly developed BoniRob field robot platform were tested. The camera system 
was optimized for the field situation and a lot of image data was captured. This real live data is being used for 
the development of weed/crop classifiers. Furthermore, the effectiveness of weed treatment using the tube-
stamp was evaluated and validated in a quantified comparison with manual weed control. Last but not least, 
a complete system test was performed and the interaction of all components (field robot platform, camera, 
lighting, web interface, manipulator and weeding tool) in RemoteFarming.1a configuration was proven.

4 concluSIonS
As shown, the project RemoteFarming.1 has great potential by integrating a remote worker with supporting digital 
image processing for a robust robotic weed control in organic farming. The RemoteFarming.1a process, including 
the novel mechanic weed control tool ‘tube-stamp’, have been successfully tested at field trials in 2013. The 
project helps to improve the working conditions in organic farming by avoiding manual labor and shifting the 
workplace to a comfortable web interface.
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abstract
Many industrial accidents are happening on construction sites where moveable equipment provides a threat to 
the workers. An integrated workers safety concept is desired to decrease the number of fatalities. 

One important part of such a system is a real time local positioning system, which allows to determine the ac-
tual position of workers and the location of possible accidents / dangers. Aside, this information has to be made 
available to a central management office, where adequate aid and counter measured can be initiated.

This paper deals with the development of such an integrated indoor and outdoor positioning system, describes 
its components and outlines its potential as a warning system. Real test results within a tunnelling construction 
site of the Brenner-Base-Tunnel validate the functionality of the new system.

Keywords
Accidents with construction vehicles, worker safety, warning system, local positioning system

1  Safety of WorkerS on conStructIon SIteS
For the safety of workers in industrial environment it is essential to know the position of these people on the 
construction site itself and to have this information available in situ and in a central coordination office. Within 
the EU-FP7-Project “IRIS” the authors were able to develop a robust methodology with real-time capability, 
covering indoor and outdoor scenarios, how actual 3D positions of workers can be determined and made avail-
able for central risk management. Hazardous situations can occur during an external activity (e. g. being in the 
working range of a crane), real accidents (e.g. gas emission) or careless behavior of people with their equip-
ment, neglecting valid security rules. Critical situations during construction have to be detected by an installed 
sensor or by the worker himself. To estimate the actual risk level and to define adequate action quite often a 
decision on rescue is necessary by the central management. This new methodology is published in general in 
Degener (2010), Johannes et al. (2010) and Johannes (2013).

1.1 Workers safety on tunneling construction sites
The new methodology had to be adapted and tested on a tunnelling construction site of the Brenner-Base-
Tunnel in Austria. On tunnelling construction sites one of the main sources of accidents with major injuries or 
losses of life are vehicles driving backwards. Examples are:

•	 Lötschberg Base Tunnel in Switzerland: Overall 12 deaths;7 in the transport sector; 3 deaths by wheel 
loaders or load-haul-dumpers (Bloch, 2011)

•	 In Germany at least 16 fatal accidents with vehicles due to blind spots rear of vehicles in two years 
(Lendt, 2010).

•	 Tunnel excavations in Austria 2010: 12 accidents with non-stationary machines; thereof 5 with exca-
vators and wheel loaders - 2 with other mucking trucks (AUVA, 2010).

Considering their dimensions it is difficult for the driver to check the area around the vehicle. Especially the 
zone behind the vehicle is dangerous for workers. In Austria every fifth work accident happens on construction 
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sites. Accidents between big trucks and pedestrians have severe consequences, i.e. grave physical injuries or 
even death of the worker and significant costs for employers, economics and insurances.

A warning system to assist the driver while turning around or driving backwards with higher speed could pre-
vent accidents. Only rear-view mirrors with blind spots are not sufficient. High-pitched alert from the vehicles 
while driving backwards have in general the disadvantage of disturbing residents near construction sites and 
when often used even workers intend to ignore the signal. To avoid this the warning system should not only 
warn the driver, but also give a warning to the endangered person, if a vehicle comes along and especially if 
the person is in an acute danger zone. 

The here used system is depicted in Figure 1, showing the danger zone and the used Ubisense sensors to detect 
whether or not there are workers in this zone. Details on the complete system will be given in section 2.2. This 
solution will be referred to as the “Local Warning System”.

Figure 1 Installation of a warning system behind a vehicle; danger zone and Ubisense sensors

1.2 Requirements for the complete warning system
First of all, the warning system has to be reliable, false alarms have to be minimized. The warning system has 
to warn the driver of the vehicle and it has to stop the vehicle if there is no adequate reaction of the driver. The 
system has to be able to identify people in the danger area and send messages only to the affected workers 
without avoidable delay. Only if a person is or will enter a dangerous zone an alert is triggered. The system has 
to be very robust against dirt, dust, rough handling and the vibration of the vehicle while driving over rough 
surface.

The danger area has to be dynamic adaptable. At a moving vehicle a stationary worker can attain the dangerous 
zone, because the danger area moves with the vehicle. According to the speed of the vehicle the size of the 
danger area is different. The danger zone has to be adopted automatically. As an example, a truck going with 
a speed of 40 km/h and a considered reaction time of the driver of about half a second has a braking distance 
of around 25 metres.

Aside the knowledge on the exact location of a potential accident within the construction site is very important 
for first aid and rescue. Only with knowledge on the exact position of a worker it is possible to warn him in case 
of any potential danger. Therefore a positioning and communication system covering the whole construction 
site is required. Outside of buildings a GNSS solution is performed, inside of buildings the situation is more 
complicated. Possible solutions are based on radio-frequency identification (RFID), Ultra-Wide-Band system 
(UWB), Barometers and Inertial Measurement Units (IMU), see section 2.3.

The construction site for our practical tests is a part of the Brenner-Base-Tunnel (BBT), given in Figure 2. The 
path for our system started and ended in the bottom left corner outside the tunnel itself, continued to the indoor 
section with the triangle. The real tests were performed by a worker equipped with the newly developed device 
given in section 3.4. The tunnel walls are marked as big black lines and the RFID tags as black points. GNSS 
measurements outdoors are depicted as an orange line. Using relative information only, derived from IMU 
alone, gives the results presented as green lines. 

To account for real time communication, a solution based on XBee was used, i.e. radio modules developed 
by Digi International. XBee supports multiple protocols and RF features and allows multipoint and mesh net-
works. An ad-hoc data network was installed by using XBee-Pro modules (series 1). To build a flexible mesh 
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network with self-healing data routing over several hops the Digimesh firmware is chosen. Such a network 
configuration is most flexible and easy build by equal treatment of every node as a router.

Figure 2: The tunnel construction site for practical tests. Outside and inside sections, RFID locations,  
true path and filtered results.

2 poSSIble SolutIonS for a local poSItIonIng SyStem

2.1 Possible solutions
Different solutions for a local positioning system for the problem, outlined in section 1, are possible:

Rear view cameras are state of the art and should be installed on every big vehicle with sight limitations be-
cause it allows viewing obstructed areas behind the big trucks. The driver has to observe the monitor and there 
is no automatic warning. The sight may be limited through condensation, darkness, machine parts or dirt on 
the camera. 

A camera based system including person identification is not suitable for the adoption directly at vehicles on 
construction sites as large amounts of dust and dirt would highly affect the ability to provide results. Diffuse 
light within tunnels might generally pose a problem and total darkness caused by electrical power outage will 
lead to a failure of the system.

An ultrasound-system, which is already used in cars for parking assistance systems, can be used. It can detect 
obstacles within narrow distances. A disadvantage is the limitation of several metres and normally it doesn’t 
detect the position of an object. With this technique every obstacle will be detected, but it cannot distinguish 
between workers and construction objects.

A positioning system which is based on radio waves is able to penetrate dust and dirt and opposed to cameras 
it is independent of lighting conditions. The maximum distance to receive signals for positioning calculation 
depends on the used frequencies, transmitted power, the direction of the antennas and the surrounding infra-
structure. A disadvantage of using radio waves is the influence of reflections of the signal.

2.2 The Ubisense relative location system
Within this project we worked with the radio wave based Real-time Location System (RTLS) developed by the 
Ubisense Corporation (www.ubisense.net). In contrast to the method above-mentioned the RTLS is an active 
system which requires tags at every worker.

As a stand-alone solution the Ubisense system is not able to send warnings from the server-software back to 
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the detected tag. Our system is extended by an independent communication which allows sending messages to 
a head quarter or a person. The communication depends on XBee sensors.

This system is based on radio impulses using an ultra-wideband (UWB) frequency spectrum (6–8 GHz). The 
advantage of the ultra-wideband is the higher bandwidth and the related narrower pules, which makes it ea-
sier to distinguish the direct path signal from the reflections. The sensors can measure the angles (AoA) to a 
transmitting tag with an implemented antenna array; the angle resolution is about 1°. The measurement of the 
time difference of arrival (TDoA) has a resolution of 200 ps (6 cm). The maximum update rate for a tag is 10 
measurements per second. With the measurement of AoA and TDoA the unknown position of the tag can be 
calculated with an accuracy of 15 cm (95% confidence level). The system has to be calibrated, in this process 
the position of the sensors has to be determined with surveying equipment. The sensors have to be connected 
via Ethernet network. The sensors are powered over Ethernet too (PoE). Each tag has an individual ID so it is 
possible to recognize the tags. Depending on the number of detected tags the position of a tag can be determi-
ned with a maximum update rate of 10 Hz. 

During our analyses we got very accurate results as long as the tag was in line of sight of at least two sensors 
(Johannes et al. 2010). The first results revealed a maximum range of detecting tags of roughly 75 metres (De-
gener, 2010). This is suitable for a warning system fulfilling the requirements above.

2.3 Possible solutions for a construction site positioning system
For local positioning on a complete construction site there are many sensors on the market or in development 
(Hightower / Borriello 2001; Mautz 2009). Most of them are based on different signals, algorithms and opera-
tion purposes. Table 1 shows elements and specifications of a possible system for outdoor and indoor applica-
tions; for more details on the different sensors see Johannes (2013).

DGNSS  Differential Global Navigation Satellite System
A DGNSS system with own reference station makes the positioning task independent of service providers but 
possible problems of the satellite system itself remain. This concept makes our solution applicable in nearly 
every location all over the world. For our system the AsteRx1 from (Septentrio, 2014) has been chosen. The 
receiver operates with 10 Hz. The typical accuracy is 0.6 m in the horizontal plane and 0.9 m in the vertical 
plane. For the DGNSS-Reference data flow to the receiver the developed communication network based on 
XBee-Modules is used. 

RFID  Radio Frequency Identification solution
RFID based systems need less installation effort and are much cheaper than the UWB system. The deployed 
RFID tags and readers are developed by [OpenBeacon, 2014]. The tags operate in the 2.4 GHz ISM band with 
5 Hz update rate. The generated impulses are transmitted with four different signal strength levels. With a 
recursive algorithm, which weights the received signal levels, an accurate positioning between geo referenced 
RFID tags is possible. 

Table 1 Specification of position technology

technology signal/ technique accuracy/rate/weight Notes and limits
DGNSS Radio frequency/ time of Arri-

val (ToA), lateration
0.6 m horizontal, 0.9 m 
vertical, 10 Hz, low to mo-
derate

For outdoor only, needs 
reference station and 
communication link

RFID (active) Radio frequency/ Signal 
strength with 4 steps

< 2 m /  
~ 8 Hz / 
Low

Low-current

UWB Radio impulse / Time Diffe-
rence of Arrival (TDoA), Azi-
muth of Arrival (AoA)

0.15 m (Line of Sight ) / 
2–9 Hz (4–16 persons) /  
Low

Power cables (e. g. 
Power over Ethernet), 
synchronization cables, 
Ethernet
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IMU Translational and rotational 
acceleration forces, earth’s 
magnetic field /  
Strapdown, supporting sensor

m /  
120 Hz /  
Low

Measurement accumu-
lation leads to drift

Barometer Air / Air pressure <0.4 m /  
44 Hz /  
Low

Sensitive towards air  
pressure variations, 
needs reference station

Imu  Inertial measurement unit 
An inertial measurement unit is an electronic device that measures and reports acceleration, orientation and 
gravitational forces, using a combination of accelerometers and gyroscopes, sometimes also magnetometers. 
With this information it is possible to determine a 3D movement of the sensor. Due to the limited sampling 
frequency and the accuracy of the sensors the results are subject to a drift which reduces the accuracy. With 
special algorithms zero-velocity updating (ZUPT) and indirect Kalman filter (IKF) the accuracy can be incre-
ased (Angermann et al., 2010). 

The IMU is used for the positioning of workers. The IMU allows the determination of steps. With knowledge 
of the direction and the step length the changes of the position of the worker can be computed by dead-recko-
ning navigation.

Digital Barometer
To determine an accurate height the Bosch BMP085 MEMS (Bosch, 2014) pressure sensor is used. It can 
achieve a time resolution of 44 Hz. In static measurements the accuracy is better than 0.4 m for the height. 
Evoked by the update rate a high number of measured values can be gathered, which allow a smoothing algo-
rithm without falling below the required time resolution for a continuous height determination.

3 deSIgn of the neW local poSItIon SolutIon
The system used for the test site in Austria consists of three parts:

•	 A real time location system from Ubisense to determine the position of a tag.

•	 A communication system to send messages to a head quarter or person.

•	 Software to control the location system, determine the status of every worker and to send warnings in 
the case of danger. The software defines the danger and risk areas

Each worker has two tags, an Ubisense tag for the location system and a XBee Sensor for communication.

3.1 Installation of the Ubisense system
The installation of a warning system behind vehicles while using the Ubisense RTLS is shown in Figure 1. 
A minimum of two Ubisense sensors have to be installed at the back of the vehicle with a known distance 
between each other and their height above the ground. They have to be connected to a processing unit in the 
driver’s cabin to calculate the position of tags in range and decide with predefined zones, which are related to 
the vehicle, if there is an endangered person. The following steps have to be initiated like giving a warning to 
the driver or a direct intervention in the system of the machine. 

Shown in Figure 1 are two Ubisense sensors which are installed at the back of the vehicle. They can measure 
the angles to the tag (green lines), worn by a person, and with the calculation of the TDoA of the impulses to 
the sensors, the system is able to calculate the position of the tag related to the position of the vehicle. The de-
fined zones are always related to the moving vehicle using a local coordinate system. There might be a narrow 
zone for the area needed by a turning vehicle, a zone with a long distance behind the vehicle which is dange-
rous while it is driving backwards and a risky area which is wider than the real danger zone. While a person 
is in these zones, he/she has to be aware of the vehicle by a warning from the system over the communication 
network.
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3.2 The communication system
For sending warnings to the detected person in case of a vehicle coming in his/her direction, or if he/she is 
already in a dangerous zone, a wireless communication system has to be set up. Such a low-powered system, 
based on XBee-sensors [www.digi.com], has been developed within our work [Johannes et al, 2010]. The sys-
tem consists of XBee sensor at the vehicle and a sensor for each person. For the construction site XBee sensors 
were used to establish a connection to the head office.

3.3 The control software
Suitable software has to be developed to process the data from the Ubisense-system. It has to be decided indi-
vidually in which zone a detected worker is and which warnings and visualizations the workers and the driver 
will get. There has to be the possibility of an easy connection and processing of additionally external hard- and 
software to extend the warning system or improve the accuracy. This system has been developed at the Institute 
of Geodesy and Photogrammetry. The software is written in Java for the purpose of being independent of the 
used devices and runs on a notebook. 

In Figure 3: a schematic block diagram of the developed warning system with the hard- and software com-
ponents is shown. On the left side (vehicle) the installed Ubisense System is displayed which is receiving 
impulses from the Ubisense Tag, worn by the worker. The produced data is sent to the Core-Software via 
UDP. With the help of an ID-List, containing pairs of XBee-Modul-IDs and Ubisense-Tag-IDs, each worker is 
known to the system and can be treated individually. The core software is able to give the driver all the neces-
sary information and can send warnings, using the communication package to the worker. These messages will 
depend on the calculated position and the pre-defined zones. The detected worker will receive these messages 
via the connected XBee-Module. With the communication package and a data parser, both installed on a suit-
able device (e. g. handhelds); a warning can be displayed or otherwise processed.

Figure 3: Block diagram for the hardware and software components of the warning system 
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Figure 4: Graphical user interface for the visualization and interaction of the driver.

The graphical user interface of the software running on the notebook in the driver’s cabin is shown in Figure 4. 
The middle shows the vehicle as a black rectangle. Behind the vehicle are the two different zones. The danger 
zone is visualized in red, the risk zone in yellow. At the moment there are three workers within the danger 
zone. They are counted and shown in the left top side. The status field to the top right shows the level of risk. 
The red colour is an indicator for danger, because 3 workers are in the danger zone. A green colour of the status 
field is for no risk, yellow for workers inside the risk zone. Messages to the vehicle are shown in the text area 
at the bottom left side. Warning messages can be sent by the vehicles to the office, other workers and vehicles.

3.4 The sensors attached to the worker
The place to attach the sensors at the worker is important because to determine the correct position a direct 
line of sight between UWB sensors is required. A suddenly interrupted direct line of sight leads to jumps in 
the calculated position of the worker as now a reflected signal is used to determine the position or without a 
signal no position can be calculated. A good place for the sensor is the helmet, see Figure 5. In some situations 
a second sensor at the back of the person may be helpful.

Figure 5: Helmet with sensors 
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Figure 6: Worker with IMU and Barometer attached to his hip belt

4 teSt on a concrete mIXer at the tunnel conStructIon 
SIte brenner baSIS tunnel

4.1 Relative local positioning system
Concrete mixers are one type of vehicles beside dumpers which are working close to the workers, see Figure 
7. When driving backwards the driver looks into his rear-view mirrors not to touch the tunnel walls or workers. 
He stops in front of the injection machine guided by acoustic signals from other workers.

Figur e 7:  A concrete mixer in the tunnel to supply concrete to stabilize the tunnel walls

To perform tests in a real environment the Ubisense RTLS positioning system was attached to a concrete mixer 
(Figure 7). The sensors are covered by plastic bags to protect them against dirt, dust and water (Figure 8).

Figure  8: Concrete mixer with the attached Ubisense RTLS positioning system
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The opening angles of the Ubisense sensors are 120° in the horizontal and 100° in the vertical direction. Be-
cause of the important area directly behind the vehicle, on each side of the vehicle a second sensor is installed. 
The second sensor is mounted with an orientation to the ground. By that it is possible to detect a worker lying 
on the ground or a worker staying close to the vehicle. 

Figure 9: Two Ubisense RTLS Sensors with different vertical orientation

The vehicle is around 7 m long. The sensor installation is one metre inside the vehicle measured from the back. 
The local coordinate system is a right handed system with its origin at the middle of the basis between the 
sensors. The positive x-direction goes backwards and the positive z-direction upwards. The y-direction stays 
perpendicular to the x and z-directions.

Further equipment beside the Ubisense RTLS sensors are a 45Ah battery, a PoE-hub (Power over Ethernet) 
and a DHCP server.

Figure 10: Cabin of the vehicle: notebook for visualization of workers behind the vehicle

4.2 results
The Figure 11 shows the tracking of five workers during a time period of 135.8 minutes. The green circles to 
the left are the four UWB-sensors. The red and the yellow areas are the danger and risk zones. The x-axis is 
from the back of the vehicle in longitudinal direction and y-axis in transverse direction from the vehicle middle 
to both sides. Due to reflection on the tunnel walls some positions were calculated to the wrong place. The 
differences between the positions in time order are varying very much.
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Figure 11: Workers positions behind the concrete mixer. Five workers were tracked over 135.8 minutes. 

The workers were not constantly behind the vehicle, so the connection lines do not show a continuous tracking. 
The scatter plot in Figure 12 shows the figure without these lines. As the time difference between different 
positions is around 0.4 seconds, the positions can be filtered by a maximum time value. 

Figure 12: Tracking points of the five workers over the whole period without connection lines or filters

The time limit for this filter was set to 1.5 seconds to forbid bigger time gaps. By that it is possible to cut the 
lines between positions which are not directly connected to each other. The generalization is caused by shado-
wing the line of sight from the tags to the sensors. This can happen by a rotation of the worker together with 
leaving the covered receiving area of the sensors. The big differences in distance (Figure 11) can be reduced 
by a distance limit of 1.5 metres. 

The distance limit cut off most of the wrong positions calculated by signal reflections from the tunnel walls. 
The time limit of 1.5 seconds additional to the distance limit of 1.5 metres leads to Figure 13:.

Figure 13: Corrected positions by using a maximum allowed distance of 1.5 metres and time difference  
of 1.5 seconds
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4.3 Absolute positioning on construction site
As described in section 1, for the absolute positioning of the vehicle and the effected worker inside the tunnel 
a combination of dead-reckoning navigation with the IMU and RFID tags and readers is used. The RFID tags 
are mounted on the tunnel walls, alltogether four tags, see Figure 2. The RFID tags allows a stabilization of the 
dead-reckoning navigation. For outside positioning additionally DGNSS information was used.

The data of all sensors are collected and are fused by a Particle Filter (Johannes, 2013), which is an alternative 
approach to an Extended Kalman Filter.

5 concluSIonS
One of the main risks on construction sites are vehicles which caused fatal accidents in the past. The logical 
step is to develop a warning system to assist the driver and reduce this special risk for workers.

In this paper a system based on the Ubisense RTLS to calculate positions of people related to a vehicle was 
presented. The mounted system on the vehicle is able to communicate with the detected workers using the 
described communication network. The awareness of the vehicle to the workers is currently evoked by a high-
pitched tone which can be replaced by warning messages only for the workers in the relevant area now.

With the integration of this system into a construction wide positioning system an improvement of both sepa-
rate systems can be generated. The functionalities of the systems are developed and tested within the work of 
the Institute of Geodesy and Photogrammetry. Tests with an installed warning system as described above have 
been realized in laboratory and real conditions. The results lead to positive expectations but also to the conclu-
sion that further research and additional sensor hardware is necessary to deal with the signal reflections from 
the tunnel walls. 
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Online modelling of harvesting processes
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abstract
The continuous improvement of CEMOS (CLAAS Electronic Machine Optimization System) on a modern 
combine harvester requires extensive knowledge of the harvesting process. Therefore, a mathematical model 
has been developed to describe the behaviour of the internal machine process in real time. The next generation 
of the CEMOS, so-called CEMOS AUTOMATIC, is ready to enter the market.

1 onlIne modellIng of harveStIng proceSSeS
The operation and adjustment of a combine harvester can be infl uenced by a large number of parameters (crop, 
soil characteristics, weather, or climate [1]). In practice, this often leads to incorrect settings of the combine 
and thus to a lower process performance or lower work quality (increased losses, reduced cleanliness …). 
Therefore, in a modern CLAAS LEXION combine harvester a large number of sensors is installed. The sensor 
information helps the customer to assess the threshing process.
In addition to the losses and yield measurement sensors, there is also the important returns measurement 
system, which measures the amount of returns and the proportion of grain within the returns.  Figure 1 shows 
the most important sensors and actuators of a CLAAS LEXION combine harvester.

Figure 1: Most important sensors and actuators of a combine harvester

By continuously adapting the parameters (fan speed, lower sieve width, upper sieve width …) to changing 
conditions (crop and external conditions) optimal harvest results can be achieved. The aim is to provide an 
intelligent link between sensors and actuators, in order to achieve an automatic adaption of these settings to 
the changing conditions of the harvesting process. Accordingly, a method for an automatic adjustment of 
the harvesting process is required. The following section describes a method to incorporate sensor data into 
existing models.

1.1 Modeling methods
Physical processes can often be described by mathematical models. We use models to describe, understand 
and optimize technical processes. Complex physical models which describe a dynamic process in the form of 
differential equations require that a lot of information of the process is available. Under laboratory conditions, 
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it should be possible with a reasonable effort to measure some of these required information, but with a 
standard combine harvester it is not possible.
An alternative way of modelling are so-called “black-box” methods, such as artificial neural networks, fuzzy 
systems or regression models.
Artificial neural networks are described by weighted branches. Due to the influx of new information these 
weights are adjusted accordingly. Extrapolating the edge regions often leads to unreliable solutions. Such 
models need to be extended or revised for practical use in their edge regions in order to describe the process 
with the desired accuracy and stability.
In fuzzy systems, the process is described by fuzzy rules. The result is a static map that contains the process 
information (expert knowledge). An adaptation of the rules by new information can be achieved by a 
combination of other methods, such as neural networks.
Multiple regression analysis is a frequently used statistical analysis method to determine functional relationships 
between one dependent and several independant variables. In the regression analysis is it also possible to 
introduce the knowledge of the structure of the desired functional relationship. For example, well-known 
quadratic effects or interactions in the model can be easily added or removed.
A disadvantage of regression models is the exclusive description of nonlinear effects by polynomial terms. 
Many physical relationships cannot be described directly by polynomials. The linear regression approach 
is often applied to complex dynamic processes only with great effort (polynomials of higher degree). A 
transformation of the input and output variables (e.g. logarithm) can provide in many cases remedy.
In [2,3,4,5,6,7,8,9] different approaches to modelling the threshing and separation process in the combine 
harvester are listed.

1.2 Online parameter estimation
For each relevant target, such as cleaning losses, volume and grain returns a map-based model is calculated 
online during the harvesting process. The influencing factors are, for example, throughput, fan speed, upper 
sieve width and lower sieve width.
As throughput value both grain throughput and the MOG-throughput can be used. The grain throughput, for 
example, is measured by the CLAAS QUANTIMETER which is installed in the elevator as shown in Figure 
1. Below exemplary equations are given (VR = cleaning losses, Ükvol = volume returns, ÜkKorn = grain returns, 
Q = throughput, ngbl = fan speed, Wos = upper sieve width, Wus = lower sieve width).

     Equation 1 
    Equation 2
    Equation 3

The coefficients of the models are constantly adjusted by the integration of new sensor information. This 
is done online during the harvesting process. The calculation is started with initial models that describe the 
harvesting process for a special crop on average, comparable to the CLAAS crop-dependant settings which the 
combine driver is familiar with.

factor 2

factor 1

ob
je

ct
iv

e

{f1t0,f2t0,o1t0}

Figure 2: Map-based model with two factors and an target
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In Figure 2 a map-based model is shown as an example which has two factors or parameters and a target. 
Furthermore, existing measurement points are shown which have already been incorporated into the model.
For example, at a time t0 (Figure 2), the measured values f1t0 and f2t0 with the target value o1t0 have been sorted 
into the coordinate system. When suffi cient measurement values are incorporated the map can be adapted to 
the measured points.

Figure 3: Exam ple of an experiment space with three targets

To increase the accuracy of the adapted models to the edge regions, it is important to cover as much of  the 
entire test area as possible. Therefore, various combinations of special measurement points are aimed at the 
harvesting process. In Figure 3, the working space of three factors is shown. In the middle of the working space 
there are the normal measuring points, which have been included in the harvesting process. At the corners 
the measurement points are shown which were specifi cally approached during the process. They are called 
supporting points. For example, a supporting point might be a fan-speed of 1000rpm, an upper-sieve of 16mm 
and a lower-sieve position of 6mm. 
The more information from the real process fl ows into the models (measuring points), the better the quality of 
the models is and the more accurately can be calculated and adjusted the optimal settings of the infl uencing 
variables (aggregates). 

1.3 Optimization
The various map-based models (e.g. equation 1-3) help to calculate optimal settings of the aggregates under 
consideration of constraints (e.g. min[lower-sieves], max[fan-speed]) and different strategies. The result is 
a multi-criteria optimization problem with partly competing goals. In Figure 4 the profi les of the objectives 
(cleaning losses, volume returns and grain returns) from equations 1-3 are shown normalized.

Figure 4: Stand ardized target use the example of the cleaning system
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To obtain an unequivocal solution of the optimization problem, the target variables can be combined into a 
weighted sum. Figure 5 shows an example of the weighted sum of the sizes of the equations 1-3. With the help 
of this information, the optimum can be calculated by using a simple gradient method which considers the 
constraints.

Figure 5: Calculated weighted sum on the example of the cleaning system

Based on the previously online-adapted models the optimum settings of the aggregates of the combine harvester 
can be calculated and adjusted. In this way the basis for an automation of the combine harvester is provided.

2 cemoS and cemoS automatIc
CEMOS supports the operator by presenting the machine settings in a dialog form. This assistance can either 
be requested when needed or be selected for a permanent performance monitoring.
The decisive factor is the step-by-step optimization of machine settings achived in cooperation with the operator. 
After each action the result is checked and a previous condition can be restored if the result is satisfactory.

Figure 6: CEMOS AUTOMATIC with the subsystems AUTO SEPARATION and AUTO CLEANING

CEMOS AUTOMATIC is a further technical development of the CEMOS Dialog system. It continuously 
regulates the separation and cleaning system while the machine is permanently adapted to the harvesting 
conditions.
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In this way, the machine automatically ensures maximum grain quality, grain cleanliness and minimum fuel 
consumption. The driver only has to activate the automatic functions.
In Figure 6 CEMOS AUTOMATIC with its subsystems AUTO SEPARATION an AUTO CLEANING is 
shown.

2.1 The CEMOS AUTOMATIC from the customer’s perspective

In Figure 7 the start screen of the CEMOS AUTOMATIC is shown. The operator gets an overview of the most 
important settings which affect the harvesting process. Moreover, the status of AUTO CLEANING and AUTO 
SEPARATION and the optimization is shown. The operator can still use the CEMOS Dialog system which is 
a feature of the CEMOS AUTOMATIC as well.

Figure 7: Basic menu of CEMOS AUTOMATIC

CEMOS AUTOMATIC allows the operator to decide between four strategies as shown in Figure 8.

Figure 8: Submenu optimization strategy of CEMOS AUTOMATIC

Table 1: CEMOS AUTOMATIC optimization strategies

1. Maximum throughput The volume returns objective kept as low as possible and 
CEMOS AUTOMATIC ensures maximum throughput.

2. Minimum fuel consumption The rotor speed value parameter kept as low as possible. 
CEMOS AUTOMATIC ensures minimal fuel consumption.

3. High threshing quality
The volume returns objective kept as high as possible and 
the grain returns objective as small as possible. CEMOS 
AUTOMATIC ensures maximal cleanliness in the grain-tank.

4. Balanced All objectives have the same infl uence. This is useful when the 
operator is not sure about the strategy to be set.
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By selecting one of these strategies, the constraints of the optimization, as described in section 1.3 “Optimization”, 
will be adjusted accordingly.

2.2 CEMOS AUTOMATIC in the field
Figure 9 shows a measurement trace from a combine harvester on the Island of Rügen in Juli 2012. CEMOS 
AUTOMATIC was not actice. The customer made few manual adjustments during the first two hours. Many 
drivers use CLAAS standard settings and almost never re-adjust the machine.

Figure 9: 6 hours measurement trace from a combine harvester without active CEMOS AUTOMATIC,
Island of Rügen, Germany, 2012-07-26, oil seed rape,

Figure 10 shows a measurement trace from a combine harvester on the Island of Rügen in August 2012. 
CEMOS AUTOMATIC was actice and continuously optimizing the machine settings.

Figure 10: 3 hours measurement trace from a combine harvester with active CEMOS AUTOMATIC,
Island of Rügen, Germany, 2012-08-08, wheat

3 concluSIonS
In this paper, an overview is given of the CEMOS AUTOMATIC system. First, a method has been described, 
which allows the adaption of models at the harvesting process. With the help of these models, the optimum 
of the settings of the combine harvester could be calculated. Then, a short introduction of the customer’s 
perspective of the CEMOS AUTOMATIC system was given. Finally, some measurement results are discussed.
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abstract
This contribution deals with the spatiotemporal monitoring of natural objects, like plants under canopy 
conditions. The superior goal is the characterization of the plant’s behavior over time in terms of growths and 
short-term morphological adaptions. To reach this goal an automated data acquisition is required, which 
can be easily scaled in time. Therefore, a robotic multi-sensor system is designed to pave the way for a 
semi-automated data acquisition. The base of the multi-sensor system is a small-scale robot of type Volksbot 
RT6 by Fraunhofer IAIS. The main sensor for the 3-dimensional data acquisition is a laser scanner of type 
SICK LMS500. The multi-sensor system is enhanced with a second laser scanner, a digital camera and a 
low-cost GPS aided MEMS based IMU. This allows the acquisition of the entire plant by means of well-
distributed survey positions. With this setup, experiments for a model plant, the cucumber, were carried out in 
a greenhouse facility. Results for time series of 3D point clouds of a cucumber plant will be presented.

Two main steps of the processing chain are discussed in detail. First, the referencing of the individual survey 
positions to provide a 3D point cloud in a common coordinate system for each epoch as well as to link the 
different epochs. Here, a priori information about the survey positions is considered. Afterwards, iterative 
matching algorithms are applied to stable areas of the point cloud over time to link different epochs. Second, 
the 3D point cloud segmentation of the natural plant objects is treated. Besides occlusions, contacts of plant 
leaves are the most challenging tasks to solve. An efficient graph-based segmentation algorithm is refined to 
obtain an initial segmentation of each epoch. Subsequently, a shape matching is used to improve the result as 
well as to track the regions over time. Finally, segmented leaves of subsequent epochs with links between each 
other are available as result of the spatiotemporal segmentation.

Keywords
laser scanner, data fusion, referencing, 3d point cloud, segmentation, shape matching

1 motIvatIon
The challenge of spatiotemporal monitoring of natural objects, in particular of plants under canopy conditions, 
is twofold: On the one hand, a proper 3D acquisition method is demanded which can be applied in narrow and 
cluttered greenhouse environments with a certain degree of automation and referencing capabilities. On the 
other hand, a sophisticated data analysis is required to handle occlusions and contacts of plant leaves in the 3D 
data and the subsequent analysis of geometrical plant traits. Also the analysis should account for time series of 
3D data to pave the way for monitoring purposes.

Why should the data acquisition be performed in narrow and cluttered greenhouse environments?
The main reason is the difference of plants’ morphological phenotypes between plants grown individually or 
under canopy conditions close to actual practise. The phenotypic plasticity of the plants affects the productivity 
due to short and long term adaptations of the plants’ physiological functions. These interactions make structural 
plant analysis a key field of studies in plant science studies (Fiorani & Schurr, 2013). The size, shape and 
orientation of the leaves are the key parameters for above ground plant parts (KloSe et al., 2009) as they are 
the major place of photosynthetic activity and therefore influence productivity strongly.

What are the reasons for a spatiotemporal monitoring?
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In plant breeding phenotyping has gained increased importance as advances in genotyping and quantitative 
analysis of the plant traits allow to establish new and more efficient technologies for plant breeding (White et 
al., 2012; Fiorani & Schurr, 2013). Especially for the analysis of genotype, environment and the interaction 
of both high throughput phenotyping methods with a high degree of automatism are needed. A high temporal 
resolution is also needed when short-term tropism are under consideration. The short-term movements also 
interact with the long-term morphological adaptation to abiotic stresses induced by e. g. drought or salinity.

Aforementioned topics require alternative methods compared to the frequently used destructive measurements 
by means of area meters as well as the non-destructive manual digitization of characteristic points of the plant 
organs by means of electromagnetic digitizers (e. g. Kahlen & Stützel, 2007). Essentials for the alternative 
method are an automated contact-free data acquisition with an increased spatial and temporal resolution along 
with a sophisticated extraction and modeling of the individual plant organs out of 3D data.

2 related Work
The contact-free and automated monitoring of plant populations by means of photogrammetric images and 
the laser scanning technique is investigated by various research groups with different objectives. BuSemeyer 
et al. (2013) introduce a multi-sensor platform for non-destructive field-based phenotyping for small grain 
cereals. The sensor platform is equipped with various sensor types, like 3D time-of-flight cameras, digital 
cameras, laser distance sensors as well as hyperspectral and light curtain imaging. roSell et al. (2009) and 
Sanz-cortiella et al. (2011) use 2D laser scanners installed on a tractor to determine geometric (e. g. height, 
volume) and structural (e  g. leaf area index (LAI)) parameters of plants in orchards. SelBecK et al. (2010) 
use a 2D automotive laser scanner mounted on a tractor to determine parameters of grain populations under 
field conditions. hoFFmeiSter et al. (2012) make use of a terrestrial laser scanner mounted on a tractor to 
determine the biomass and LAI of sugar beets. norzahari et al (2011) introduce a mobile platform equipped 
with a 2D laser scanner for inventory purposes of a wine yard. Common for all aforementioned approaches is 
their automated laser-based data acquisition of plant populations in the open field. Typically, this results in a 
decreased solution of the individual plants and thus a limitation to specific choice of plant parameters. höFle 
(2013) proposes a novel workflow for an individual maize plant detection using terrestrial laser scanner point 
clouds. The author uses a static ground-based full-waveform laser scanner and in the analysis besides the 
geometric as well as the radiometric data is involved. A data-driven radiometric correction procedure of the 3D 
point cloud is proposed. Results and evaluation of the radiometric correction, the plant detection and analysis 
of the effect of the point density on the detection procedure are presented in detail.

Approaches on plant measurement include alenya et al. (2011), who present a proof-of -concept approach 
to robotized plant measuring. Plant leaves are modeled by fusing dense color and sparse depth data acquired 
by the Time-of-Flight cameras mounted on a mock-up measurement robot arm. Works on individual plants 
include Gorte & PFeiFer (2004), in which the laser points are rasterized in 3D voxel space and operations such 
as closing from mathematical morphology and thinning are used to obtain a connected 3D skeleton. Gorte 
& Winterhalder (2004) further segment the remaining voxels into different branches and finally, branch 
labels are assigned to the original laser points. The approach presented by Sun et al. (2011) focuses on the 
extraction of venation and contour of individual flatwise placed leaves from point cloud data. A contribution 
to the classification of plant organs by means of point clouds acquired with a precise close range laser scanner 
is given by PauluS et al. (2013). The authors use a surface feature histogram based approach to classify 
grapevine stems and leaves as well as wheat ears from other plant organs.

uhrmann et al. (2011) present a system design and data processing for the sheet-of-light measurement method 
for plant phenotyping. Sheet-of-light measurement works based on the triangulation principle with the diffuse 
reflection of the laser line captured by the camera and deliver height profile of the target object for automatic 
determination of the morphological plant features. The shadowing and occlusion, however, are main issues 
of this scheme. PaProKi et al. (2012) present a mesh based analysis of vegetative growth. Plant meshes 
are previously reconstructed from multi-view images as the input data. Morphological mesh segmentation, 
phenotypic parameter estimation, and plant organs tracking over time are conducted on cotton plants over four 
time-points. Seatovic (2013) presents his work on methods for real-time plant detection. His aim is to provide 
a reliable plant detection system and algorithm based on leaf shapes. He proposes to use a sample database 
for the leaves which should be used in the detection algorithm. In his experimental acquisition system a laser 
triangulation sensor is used.
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3 generatIon of the tIme SerIeS of 3d poInt cloudS
This section introduces the robotic multi-sensor system, which is used for the data acquisition, and outlines the 
data pre-processing. Afterwards, the focus is on the required referencing task. A common coordinate system 
for the different survey positions within a single epoch is established within the spatial referencing (also called 
registration) step. This step can be separated into a coarse registration and a fi ne registration. Besides the 
necessity for the referencing within a single epoch, there is also a demand for linking different epochs to pave 
the way for monitoring purposes by means of temporal comparisons based on repeated measurements.

3.1 Robotic multi-sensor system for plant monitoring

     
Figure 1: R obotic multi-sensor system: Left: Side view of the acquisition situation in the green house with the 

small-scale robot on the automated lift truck to perform vertical movements. Right: Sensor pool installed on the 
small-scale robot: (1) SICK laser scanner, (2) Hokuyo laser scanner, (3) digital camera, (4) GPS aided MEMS 

based IMU, (5) small-scale robot and (6) consumer grade laptop.

The core unit of the robotic multi-sensor system consists of two laser scanners: a SICK laser scanner of 
type LMS 500-20000 PRO-HR and a Hokuyo laser scanner of type URG-04LX. Both of them are 2D laser 
scanners which provide 2D scan lines. The raw measurements are polar coordinates (horizontal angles and 
ranges), which can be used to calculate Cartesian coordinates, and intensity values. The spatial resolution 
is defi ned by the angle increment used (0.1667 degree and 0.25 degree for the SICK and the Hokuyo laser 
scanner, respectively) and the distance to the object of typically 1 m. The sensor pool is completed by a digital 
camera (The Imaging Source DFK 41 with 1280x960 pixel) and a Global Positioning System (GPS) aided 
Micro-Electro-Mechanical Systems (MEMS) based Inertial Measurement Unit (IMU); in particular the XSens 
MTi-G is used. A small-scale robot (Volksbot RT6 by Fraunhofer IAIS) is acting as support platform for the 
sensors (cf. Figure 1 left). For in-depth information about the sensor’s specifi cations, the reader is referred to 
the manufacturer’s websites.

Essential for a multi-sensor platform is the proper synchronization of the data. At the moment, all sensors are 
connected to the same consumer grade notebook running the operating system Ubuntu 12.04 LTS with kernel 
3.2.0-58-generic x86_64. For the sensor control and data acquisition the Robot Operating System, Version 
Groovy Galapagos (QuiGley et al., 2009) is used. Thus for all different data sources the Unix time stamp is 
available. For a typical acquisition period of 30 seconds the Unix time stamp can be used. To be free of any 
clock errors or drifts the GPS time can be easily introduced as absolute and drift-free reference time for the 
multi-sensor system.

The SICK laser scanner is the main sensor for data acquisition of the plant probe. The laser scanner’s laser beam 
is near-infrared (905 nm) with divergence of 4.7 mrad (4.7 mm diameter at 1 m distance). The manufacturer’s 
datasheet provides a range accuracy of 12 mm at 6 m (object remission of 100%). The sensor is mounted with 
zero direction pointing towards the plant which yields horizontal scan lines for the plant under investigation. 
The third dimension results from motion, here vertical movement, of the entire robotic multi-sensor system. At 
the current developmental stage, an automated lift truck is used which allows operating heights of up to 1.7 m. 
The height changes are observed by the Hokuyo laser scanner whose zero direction is pointing towards the 
ground. To get the measure for the vertical motion, the data of a narrow angle range (nadir ±2*angle increment 
of 0.25°) of the Hokuyo laser scanner is used to get the height value above the ground. The 3D point cloud is 
generated by data fusion of the two laser scanners. The fi nal height component for the SICK laser scanner’s 
horizontal scan line is obtained by linear interpolation of the Hokuyo height values. It is noteworthy that only 
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relative changes in height are of interest which does not demand for a rigorous determination of the mutual 
orientation of the two involved laser scanners.

In addition, a digital camera is mounted on top of the SICK laser scanner. The purpose of integrating a camera, 
providing Red-Green-Blue (RGB) data, into the robotic multi-sensor system is twofold. On the one hand, it can 
be used for visualization purposes; this means the colouring of the laser point clouds. On the other hand, these 
data can be valuable extra information in the segmentation procedure and provide details of the plant probe 
which are not visible in the laser point clouds.

The GPS aided MEMS based IMU is used to provide an absolute and drift-free reference time by the GPS time. 
In addition, the acceleration of gravity delivers useful data about the vertical movement of the robotic multi-
sensor system. The 3D orientations (Euler angles) are currently not considered in the subsequent analysis. The 
GPS positions are not useable due to the indoor application. A synchronization of the different data sources of 
the multi-sensor platform can be assumed.

Figure 2: Accuracy assessment of the captured 
3D point cloud. Exemplary leaf of a plant (18 cm 
in height and 23 cm in width) in three subsequent 
epochs (red, blue and yellow). The specifi c region 

under investigation is coloured cyan.

 Table 1: Statistical values for an exemplary leaf of 
a plant in three subsequent epochs. Given are the 
minimal and maximal values of the residuals as 

well as their standard deviation for the cyan region 
in Figure 2.

min(res) max(res) std(res)
epoch 1 -12 mm 10 mm 4 mm
epoch 2 -9 mm 7 mm 3 mm
epoch 3 -12 mm 12 mm 4 mm

An accuracy assessment of the captured 3D point cloud is performed for a representative region of the acquired 
data (coloured cyan in Figure 2) in three subsequent epochs with an inter-epochal time span of 5 minutes. In 
each epoch, for this region of width and height of approx. 5 cm a best-fi tting plane is estimated and statistical 
values for the remaining residuals are calculated. In Table 1 are given the minimal and maximal values as well 
as the standard deviation of the residuals. By these values can be concluded that the noise level of the acquired 
3D point cloud data is within the sensors’ specifi cation.

3.2 Spatial referencing of individual survey positions within a single 
epoch

The referencing within a single epoch is supported by a well-chosen acquisition scheme (cf. Figure 3) which 
means that the survey positions of the multi-sensor platform are signalized on the ground fl oor. In addition, 
a point on the box (in which the plant is growing) is signalized to recover the orientation. By means of 
commercial laser pointers fi rmly attached to the robotic multi-sensor platform, the signalized points (light red 
circle in Figure 3) are sighted. This makes it possible to recover the survey position in terms of distance to 
the plant and angle segment roughly. Both values, distance and angle segment, can be interpreted as a priori 
transformation parameters within the coarse registration. Thus, the transformation of the three survey positions 
(typically used) into a common coordinate system with origin in the middle of the plant can be calculated. No 
further infrastructure besides the marked survey positions and the signalized points on the box are required 
for this coarse registration. But it has to be mentioned, that especially for temporal comparisons and repeated 
measurements this procedure is error prone. For a more reliable coarse registration the use of (at least three) 
artifi cial targets is proposed. This is the typical procedure in terrestrial laser scanning applications.
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Figur e 3: Acquisition scheme with its three survey positions (angular step pattern of 120 degrees) for the plant 
under investigation. The two light red circles indicate the signalized points of survey position 0 degree to recover 

the a priori transformation parameters.

The fi ne registration is done by iterative matching by means of an implementation of the iterative closest point 
algorithm (BeSl & mcKay, 1992). Since these kind of iterative matching algorithms are based on partially 
overlapping regions in the 3D point clouds, the aforementioned coarse registration is mandatory. The fi ne 
registration is done pair-wise with respect to, in general, the fi rst survey position. Finally, for the entire plant 
probe a 3D point cloud in a common coordinate system is available. It has to be noted, however, that a certain 
time span exists between each data acquisition of the different survey positions. As each acquisition takes place 
in about 30 seconds, it can be assumed that the plant is not moving signifi cantly during the acquisition process, 
so that the complete 3D point cloud can be interpreted as the point cloud of one epoch.

3.3 Temporal referencing of point clouds of different epochs
The temporal referencing of different epochs is based on the previously performed spatial referencing. To defi ne 
a common coordinate system over time, stable areas in the spatially referenced data have to be identifi ed. Like 
aforementioned, these can be artifi cial targets which are also usable in the coarse registration. One way is the 
use of cylindrical, retro-refl ective targets which have to be additionally placed in the scanning area. Another 
convenient way proposed by harmeninG (2013) is the use of the box in which the plant grows.

The extraction of the box out of the 3D point cloud results in no extra task since this is already done in the 
spatial segmentation to separate the plant leaves in the box’s surrounding. The segmented box is represented 
by four vertical planes and one horizontal plane (cf. Figure 4). The horizontal plane is given by the bottom 
side of a styrofoam element which is located on top of the box and consequently corresponds to the upper 
boundary of the box. As the Styrofoam element protrudes from the box, the transition from the box to the 
Styrofoam element is characterised by a signifi cant change in the range values. It should be noted that only 
the position in z-direction and not the magnitude of the change in the range values is relevant to defi ne the 
plane. Therefore, penetration effects of the horizontal laser can be neglected. The intersection of the four 
vertical planes and the one horizontal plane yield four common points which are indicated by yellow circles in 
Figure 4. To increase the reliability of the referencing, an additional point (white circles in Figure 4) for each 
common point is constructed. This is done by a defi ned shift in z-direction, which leads for the additional and 
common points to the same x- and y-coordinates and different z-coordinates. These eight points are suitable 
for reliable, temporal referencing by means of a 3D similarity transformation with three translation and three 
rotation parameters. Due to the use of a laser scanner the consideration of a scale parameter is not necessary.  
A result of the temporal referencing procedure is given in Figure 5. A measure for the correspondence of the 
two epochs under investigation is the mean coordinate error of the transformation. The mean coordinate error 
decreases from a value of 25 mm before to a value of 8 mm after the transformation. This remaining error is in 
the order of the range accuracy of the used laser scanner. Therefore, the establishment of a common coordinate 
system over time succeeded.
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Figure 4: In red are depicted the extracted box 
elements; the yellow and white circles indicate the 
common points; blue colour indicates the point 
cloud and green stands the styrofoam element on 
top of the box.

Figure 5: Results of the temporal referencing of 
two epochs coloured blue and green. The time span 

between the two epochs is about 18 minutes.

4 3d poInt cloud SegmentatIon of natural plant objectS
The first processing step for the analysis of a point cloud is the segmentation: According to a similarity 
measure the set of the so far unordered point cloud is partitioned into disjoint and connected subsets. In case of 
phenotyping this segmentation is identical with the grouping of points describing the same plant organs. The 
segmentation of natural objects, in particular of plants, is a challenging task, which is caused by the varying 
appearances of plants as well as the complex structure of plants leading to occlusions and contacting leaves. 
These difficulties are the reasons why the use of generic segmentation algorithms is in general not satisfying. 
In this paper a segmentation algorithm is proposed, which consists of a graph based spatial segmentation as 
well as a following shape matching to segment the temporal dimension. Finally, this results in a spatiotemporal 
segmentation of the 3D point cloud.

4.1 Spatial segmentation
The basis for the spatial segmentation is the definition of a similarity measure. As different plant organs are 
very similar in their spectral properties but differ in their geometric properties, it is appropriate to use the 
latter as a segmentation basis. The fact that the geometric properties such as the curvature or the direction 
of the normal vary within the same leaf interfere this strategy. Therefore the adaptive segmentation criterion 
proposed by FelzenSzWalB & huttenlocher (2004) is used in the following:

Their algorithm interprets the input as a graph G = (V, E) consisting of nodes vi  V and undirected edges 
eij = {vi, vj}  E, whose weights wij express the similarity of the connected nodes. Furthermore the algorithm 
operates according to the bottom up principle and therefore starts with an initial segmentation where each 
node corresponds to an individual segment. Based on this initial segmentation an edge list sorted in ascending 
order is constructed. Each of those edges is examined if an object boundary between the two connected nodes 
exists. Therefore, two values are evaluated: The internal difference Int(C) is a measure for the variation in the 
properties within the segment C. This value is defined as the maximum weight of the minimum spanning tree 
(MST) constructed by the points of C:

Int(C) = max(w(e)) with e  MST(C,E).     (1)

The difference between two Segments Dif(C1,C2) represents the variation between the properties of the two 
segments C1 and C2 and is defined as the minimum of the weights belonging to all edges connecting C1 and C2:

Dif(C1,C2) = min(wij) with vi  C1, vj  C2.     (2)

According to FelzenSzWalB & huttenlocher (2004) there is an evidence for an object boundary if 

Dif(C1,C2) > min( Int(C1) + τ(C1), Int(C2) + τ(C2) ) with  (3)
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In this case C1 and C2 remain separated; otherwise the segments are merged. The level of over- or 
undersegmentation can be controlled by means of the threshold unit τ(C) which is calculated from the segment’s 
size |C| and a constant k which can be chosen freely initially: Large values of k lead to under- small values to 
oversegmentation.

Originally the introduced algorithm was developed with the objective of image segmentation. In order to 
transfer the idea to the segmentation of point clouds, it is necessary to define neighbourhoods in the point 
cloud. In this paper a radius search is used for this purpose.

As the separation of contacting leaves is the main challenge regarding the segmentation of plants, a reasonable 
choice of the similarity measure is required. In general, the transition between two contacting surfaces is 
indicated by a change in the normal direction. That is the reason why we propose the angle between the 
corresponding surface normals ni and nj to define the edge weights and by association the similarity measure:

     (4)

As the change of the normal direction within a leaf may be larger than the change of the normal direction 
between two contacting leaves, it is impossible to obtain a completely satisfying segmentation: Either the result 
is oversegmented or it is undersegmented. In this paper the parameter k is chosen to obtain an oversegmented 
result (cf. Figure 6), which forms the basis for a statistically based region merging. In this postprocessing 
two segments are either merged if they describe the same surface or if their border edges follow the same 
space curve. Both of these decisions are made by means of a statistical hypothesis test. For more details see 
harmeninG (2013).

The overall result of the spatial segmentation can be seen in Figure 7. Compared to Figure 6, the leaves 
are completely segmented and there do not exist any undersegmentations. Low point densities may cause 
oversegmentations, but in general the results are satisfying with respect to the subsequent phenotyping. It 
should be noted, however, that the result’s quality depends strongly on the quality of the pre-segmentation, so 
that the value of the constant k has to be chosen carefully.

Figure 6: Oversegmented intermediate result: 
Various segments are coloured differently; points 

which do not belong to the plant are coloured 
white.

Figure 7: Overall result of the spatial 
segmentation: The leaves are coloured randomly, 

all points coloured in white belong to the error 
class.
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4.2 Temporal segmentation by means of shape matching
The results obtained by means of the computations described in the previous section can be used to derive 
geometrical characteristics of the plants. In many cases it is required to determine the changes of these 
characteristics. In this case a time series of point clouds forms the basis to determine a segmentation which 
is consistent in time. In this paper the spatial and the temporal dimension are segmented successively. The 
tracking is realised by means of a shape matching algorithm, which identifies corresponding segments by their 
shape. This approach is motivated by the effect that a segment may split from one spatial segmentation to 
another (cf. Figure 8). Contrary to the centre of mass or the size for example, the shape of a segment is mostly 
unaffected by this effect. Brendel & todorovic (2009) propose a shape matching algorithm based on dynamic 
time warping, which also forms the basis for the temporal segmentation in this paper.

Dynamic time warping (DTW) is a method originally used in speech recognition to align two sequences X = 
(x1, x2,..., xn) and Y = (y1, y2,..., yn) in an optimal manner. A cost function c(xi, yj) is used to express the effort for 
the alignment. Under all possible transformations the solution causing the minimal overall cost is the requested 
transformation. This optimization problem can be solved by means of dynamic programming as described in 
müller (2007).

Figure 8: Results of the spatial segmentation of two different point clouds of the same plant: The 
leaves are coloured randomly; no link exists between the same leaves so that equal colours of the same 
leaves arise by chance. The white circle indicates the effect that one segment may split from one spatial 

segmentation to another.

In case DTW is used to identify corresponding segments in different point clouds, the segment edges are 
interpreted as sequences. The edges can be identified by means of a variant of the Douglas-Peucker-algorithm 
as described in harmeninG (2013). It should be noted, however, that these edges are cyclic sequences at first, 
which have to be split at an appropriate point. Afterwards the similarity of two such sequences can be evaluated 
by means of the overall warping cost required to perform the DTW.

The first step to perform the shape matching is the determination of possible matching partner: Assuming 
that a leaf’s position as well as its shape remains approximately unchanged from one point cloud to another, 
the segments of one point cloud are interpreted as templates. For each template possible correspondences are 
determined using a radius search. Afterwards for each possible correspondence the normalised warping costs 
can be computed according to:
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.      (5)

In Equation (5) the overall warping cost cDTW as well as the length of the sequences n1 and n2 are given. Given 
that exactly one matching partner to each template exists, the segment causing the smallest warping cost is 
the desired correspondence. Taking account of the oversegmentation, the warping costs of combined segments 
are computed as well, while each segmented point cloud is alternately interpreted as a template. The result of 
these computations is a list containing possible correspondences from which the optimal correspondences are 
chosen by means of a greedy algorithm.
The result of the shape matching, which is equivalent to the spatiotemporal segmentation, can be seen in Figure 
9. On the one hand, all the leaves are tracked successfully over the time, which is indicated by means of the 
point cloud’s coloration. On the other hand, it is possible to reduce the amount of oversegmentation taking into 
account the information provided by the spatial segmentations of the remaining point clouds of the time series. 
As a consequence the original spatial segmentation can be improved by means of the shape matching. Just 
as in the spatial segmentation, it has to be guaranteed, that the initial segmentations are not undersegmented.

Figure 9: Result of the spatiotemporal segmentation by means of the shape matching: After including 
temporal coherences there exists a link between the same leaves, so that the identical colour of the same 

leaves indicates a successful tracking. The time span between the two epochs is about 18 minutes.

5 dIScuSSIon and outlook
The aims of this contribution can be summarized as the generation of time series for 3D point clouds showing 
natural objects in occluded scenes and as the spatiotemporal segmentation of the natural objects of interests, 
here cucumber plants, out of the 3D point cloud. In Figure 10 a result of the spatiotemporal segmentation for a 
data set with a time span of about 5 minutes between each epoch is shown. All 13 plant leaves are segmented 
and tracked over time successfully which is indicated by the identical colour. In white colour plant parts 
besides the leaves are given, typically these parts correspond to the plant stem.

The use of the introduced robotic multi-sensor system for the data acquisition and the required subsequent 
mutual referencing of different survey positions worked well in the occluded environment of cucumber plants 
under canopy conditions. Even the temporal referencing could be solved without the demand for extra targets in 
an automated processing sequence. Nevertheless, the drawback of low point densities in certain parts of the 3D 
point clouds has to be mentioned. Especially in the spatial segmentation this effect leads to oversegmentations. 
There are two reasons for the low point densities: On the one hand, the mutual occlusions of leaves result 
in low point densities which can be solved by additional and well chosen extra survey positions. On the 
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other hand, the horizontal orientation of the SICK laser scanner with respect to the ground fl oor yields low 
point densities especially for near vertical leave surfaces. This problem will be faced in ongoing experiments 
by a slight adaption of the orientation of the laser scanner. Finally should be noted, that for all data sets 
undersegmentations could be avoided, which means that the main challenge – the separation of contacting 
leaves – could be solved.

The spatiotemporal segmentation of the cucumber plants under investigation succeeded for time spans of 
subsequent epochs in minute up to hour level. Thus the estimated leave movements and deformations are of 
small magnitude. These short time spans pave the way for identifi cation of corresponding leaves by means 
of their shape. The establishment of a temporal link between same leaves of different epochs (temporal 
segmentation) also supports the spatial segmentation in case of split segments. Current limitations of the 
proposed approach are time spans of about 10 days and more. Here, the shape of the leaves changes in a way 
that the shape matching yields insuffi cient results. It should be noted that such time spans can be analysed if 
adequate intermediate acquisitions with hour to day level are considered. This overcomes the limitation of 
the abovementioned relative short time spans. Since the data acquisition and analysis can be performed semi-
automatic the extra work caused by intermediate steps is not signifi cant. A topic of further investigations will 
be the analysis regarding maximal time spans for a successful shape matching. In addition, our future work 
will concentrate on estimating values for the leave area which requires in general a proper triangulation of the 
3D point cloud. Therefore, fi rst experiments with the use of alpha shapes (harmeninG, 2013) will be picked 
up and refi ned.

 Figure 10: Results of the spatiotemporal segmentation over three epochs. The identical colour of the same 
leaves indicates a successful tracking. Plant parts besides the leaves are coloured white. The time span 

between two epochs is about 5 minutes.
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abstract
Precise positioning is important not only for land based vehicles but also for vessels. In the field of hydrography 
the positions of surveying vessels must be known with a high accuracy. Currently, GNSS receivers are 
predominantly used to determine the three dimensional position of surveying vessels on German inland 
waterways.

Availability and accuracy of GNSS positions are influenced by shadowing, refraction, and multipath effects. 
Thus, the GNSS signal loss or disturbance results in measurement gaps. These gaps occur especially in 
regions with riparian vegetation, in valleys with steep slopes, intra-urban, and under bridges. The project 
“HydrOs” focuses on the improvement of the positioning solution: The position shall be determined reliably 
and uninterrupted and at the end of a GNSS gap still with an accuracy of a few decimetres. Moreover, the 
positioning system shall provide reliable integrity information. Therefore, all available sensors on board of the 
vessel which might contribute and more sensors shall be integrated in a multi-sensor system.

In the project methods describing the vessels motion in space shall be developed. The dynamic motion model 
that integrates several sensors is put into effect with an extended Kalman filter (EKF). All available observations 
with a specified accuracy level are integrated into the filter. The ship motion is described by the state vector 
which comprises the three dimensional coordinates of a defined reference point, the attitude of the vessel, 
the velocity, and angular velocity. The filtering process itself will be supported by a flexible algorithm which 
recognizes automatically gaps of the incoming data.

Keywords
Multi-Sensor System, Kalman Filter, Kinematic Positioning, Navigation

1 problem and objectIveS

1.1 Research Issue
One of the main tasks of the Federal Waterways and Shipping Administration (WSV) is to guarantee safety and 
ease of navigation. Therefore, the acquisition of geospatial data such as shape and depth of inland waterways 
is essential. These information allow mariners a safe navigation and to calculate the optimal load in shallow 
waters. To capture these topographic data, surveying vessels are equipped with multibeam echo sounders. The 
data captured by the echo sounding systems are georeferenced, processed, and plotted in accurate and reliable 
charts and maps of the waterways.

Currently, Global Navigation Satellite Systems (GNSS), consisting of the American Global Positioning 
System (GPS) and the Russian Globalnaja Nawigazionnaja Sputnikowaja Sistema (GLONASS), are used to 
determine the three dimensional position of the vessel respectively the echo sounder. The GNSS signals are 
measured and evaluated in Real Time Kinematic (RTK) mode. Thereby, correction data from reference stations 
are transmitted to the ship receiver and the ambiguities are resolved with special “On-the-fly” algorithms. So 
the accuracy can be specified to a few centimetres (WANNIGER, 2003). In shadow free areas the reliability, 
availability, and accuracy of the GNSS positions are satisfactory with long term stability.
Especially in regions with riparian vegetation, in valleys with steep slopes, intra-urban, and under bridges the 
GNSS positions are influenced by shadowing, refraction, and multipath effects. Presently, implausible changes 
in the positions are not detected and measurement gaps are closed with linear interpolation. Certainly, the 
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interpolation is insufficient because driving dynamics within larger gaps are not considered. Furthermore, the 
accuracy just before the gaps is inadmissible and unobservable, because the GNSS receivers do not reliably 
detect the reduced quality.

Alternatively, land-based positioning systems like motorized tachymeters are still used to get accurate positions 
in the critical areas. However, this sumptuous alternative is time consuming and less efficient. The “HydrOs”-
System shall replace this technique.

1.2 Objectives
Due to the positioning problems with GNSS in shadowed areas, it is necessary to draft and develop improved 
systems and/or substitute methods for real time, post processing, and analysis. Thus, the department M5 
(Geodesy) of the Federal Institute of Hydrology and the Institute of Engineering Geodesy of the University of 
Stuttgart launched the project “HydrOs - Integrated Hydrographical Positioning System” (see, Figure 1). The 
aim of the project is to develop an integrated system consisting of several sensors (multi-sensor system). In 
case of GNSS signal loss other sensors measuring independently the attitude and speed of the vessel replace 
the positioning with GNSS e.g. an Inertial Measurement Unit (IMU) and a Doppler Velocity Log (DVL). 
Furthermore, the additional sensors improve the accuracy, reliability, and integrity of positioning.

The theoretical basis for the data evaluation of a multi-sensor system is the Kalman filter (KALMAN, 1960) 
which is particularly used in navigation problems (WELCH & BISHOP, 1997). The vessels motion in space 
is described by a dynamic motion model. The dynamic forces which change speed and direction of the vessel 
shall be determined by measuring the revolutions (rpm) and orientation of the rudder propeller. Moreover, 
further regulating quantities like apparent wind and flow velocity can be included in the dynamic model (see, 
SCHEIDER & SCHWIEGER, 2014). In addition to the Kalman filter a forward-backward smoother (e.g. a 
RTS-Smoother, RAUCH ET AL., 1965) for post processing applications shall be implemented. 

Figure 1: Sensor integration and data flow

The sensor observations, the hydrological surrounding conditions, and algorithms shall be combined into 
the prototype software “HydrOs”, which is designed for calculating continuously a filtered position with an 
uncertainty for the height of one decimetre (95% level of confidence) and for the coordinates of three decimetre 
(95% level of confidence), when the GNSS signal is lost up to 60 seconds. The system integrity information 
and accuracy information shall be permanently available and represented by user friendly key indicators.
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2 SyStem deSIgn
In the following chapter the utilised sensors, the use of additional hydrological information, and the integration 
in the system will be described in more detail. Furthermore, the developed software prototype is shown.

2.1 Integrated Sensors and Models
At the bow and at the stern of the vessel two dual frequency GNSS receivers (SPS855 receivers from Trimble 
with GA810 antenna types) were installed (see, Figure 2). The output frequency is 10 Hz and the output 
data formats, as usual in the maritime sector, are NMEA type messages (GGA, VTG, GSA, and GST). This 
alignment of the GNSS receivers reduces the problem of insufficient GNSS positioning under bridges in some 
cases: If the bow receiver signal is lost, sometimes the stern receiver still has an accurate position, and vice 
versa. This is no solution to the general problem of shadowing, because it only works under very small bridges 
and for signal losses lasting only a few seconds.

Figure 2: Overview system design

The third positioning system, Seapath 330+, is an integrated loosely coupled INS-GNSS system. The system 
combines inertial measurements (MRU 5+: angular rates and accelerations) and two dual frequency GNSS 
(GPS-702-GG from Novatel) satellite signals. Output variables are raw angular rates and processed respectively 
filtered orientation angles (roll, pitch, and heading), horizontal and vertical velocities, three-dimensional 
coordinates, and heave of the vessel. The Seapath 330+ processes a position solution even if the GNSS signals 
fails. In the absence of GNSS the positions are calculated with dead reckoning based on the inertial sensor 
only. Unfortunately, these positions are only short term stable for a few seconds because inertial sensors show 
drift effects after a short time due to numerical integration (WENDEL, 2007). HENTSCHINSKI & WIRTH 
(2012) have analysed INS-GNSS coupled systems with the result that these systems do not meet the desired 
requirements.

To optimize the positioning in GNSS shadowed areas, it is conducive to use a velocity sensor to stabilize the 
position based on the inertial sensors. A Doppler Velocity Log (DVL) provides flow velocity and speed over 
ground (SOG) in all three dimensions. Basically, the DVL measures the Doppler shift between transmitted 
sound at a fixed frequency and received backscatter echoes from small particles or plankton that float in the 
water respectively echoes from the seabed (cf. TELEDYNE RD INSTRUMENTS, 2006). Especially, the SOG 
reduces drift effects. Therefore a DVL from Teledyne RD Instruments was mounted on the bow of the vessel 
(see, Figure 2). If the axes of the DVL device are not oriented very precisely according to the axes of the body 
fixed coordinate system of the vessel, large transversal deviations occur inside GNSS gaps always directing 
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to starboard or port side. The true mounting error is determined by calibration and corrected by rotating the 
longitudinal and transversal velocity components. Furthermore, the measured speed over ground velocities by 
the DVL are influenced by bed load transport. The DVL adds the bed loads moving velocity to his speed over 
ground. 

Speed through water can be derived from the rpm and angle of the ships propeller. The analogue signals are 
measured by ammeter. Functional relationships between the amperage and the rpm respectively the velocity 
through water must be found. The same applies to the orientation of the propeller. Furthermore a wind sensor 
is installed, that measures the apparent wind velocity and direction. The SOG can also be determined by adding 
the computed speed through water, the velocity changes caused by wind and the flow velocity.

Although the directly measured SOG by the DVL or from other sensors like wind meter etc. derived SOG 
stabilizes the position solution, the system drift cannot be eliminated completely. Hence, it is intended to install 
more absolute positioning sensors which are not affected by signal shadowing. Currently, the suitability of 
tachymeters mounted on a moving platform is under investigation.

Another sensor which can be integrated in the system is a Barometer. Height information or information about 
height changes can be derived by using the barometric formula (KAHMEN, 2006).
SCATTIRIN (2013) has carried out field tests, evaluating the accuracy and suitability of a quartz vibration 
pressure sensor barometer. The absolute height accuracy was very poor (several meters). In contrast the results 
using the sensor for measuring short time relative heights variations were quite promising. In the tests the 
barometer was fixed on a telescope tripod which was shifted 30 cm up and down alternately (see, Figure 3). 
The standard deviation was about 6 cm. The accuracy lies in the same range as the heave measured by the IMU.

Figure 3: Barometric heights measured with DIGIQUARTZ Drucktransmitter 1014 A,  
Co. PAROSCIENTIFIC by SCATTIRIN (2013)

The height of the vessels waterline can be determined indirectly with the aid of hydrodynamic numeric models 
completed with information of the ships vertical movements. The hydrodynamic numeric models provide good 
approximations for the water level and flow velocity at the position of the vessel. The actual water level is 
computed by correcting the model water level with the model error. The model error is the difference between 
the actual height of the vessels waterline derived from the estimated height of the Kalman filter corrected by 
dynamic draught and heave and the model height of the vessels waterline. So the height of the vessels waterline 
is computed by adding the model height, the model error, the dynamic draught, and the heave measured by the 
IMU.

The dynamic draught is called squat and depends on the ship velocity through water and the under keel 
clearance which both can be derived from the DVL raw measurements. In the project, investigations are 
carried out to determine the mathematical functional correlation between squat, speed through water, and 
under keel clearance for the vessel “Mercator”. The resulting characteristic diagram shall be used to calculate 
the squat in real time.
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2.2 Software Design
In Figure 4 the graphical user interface of the “HydrOs” software is shown. In the software application the user 
can handle the data acquisition by freely definable serial sensor interfaces. The interface parameters as well as 
the output data formats can be defined individually. So the source code must not be customised if sensors and/
or data formats vary.

Figure 4: Graphical user interface of the “HydrOs” software

3 Structure of the kalman fIlter
KALMAN (1960) developed the Kalman filter (KF) algorithm which represents a very useful and powerful 
filtering algorithm not only in navigation problems. The typical and characteristic feature of the Kalman filter 
is the combination of state equations (equations for predicting a future state based on the previous state) and 
measurement equations (the relationship between current measurements and the target state) (WELSCH ET 
AL., 2000). Hence, the Kalman filter is a recursive algorithm with two components: system/state equation 
and measurement equation. The estimation is optimal, if system and measurement equations are linear and 
the random noise processes in both equation systems are normally distributed. In this context ‘optimal’ means 
unbiased estimation with minimal variance. Here, for all sensors white noise is assumed.

Particularly in the case of modelling vessel movements, linearity does not exist. For this purpose the extended 
Kalman filter (EKF) is used. Inside the EKF algorithm the system and measurement equations have to be 
linearized to get an approximated linear model. Usually, the equations are expanded into a Taylor series up to 
terms of first order (VAN DER MERWE, 2004). In Figure 5 the algorithm of the EKF is shown schematically.

Figure 5: Schematic cycle of Kalman filter algorithm (according to WELCH & BISHOP, 1997)

In the time update the non linear function )(⋅f  predicts the state vector 1+kx  depending on the estimated 
state vector kx̂  at epoch k . It includes as parameters the regulating quantities ku  and the process noise kw
. The noise process is considered purely stochastically. The Jacobi matrices kk ,1+t  and kk ,1+B  contain the 
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partial derivatives of the linearized function )(⋅f  according to the state vector kx̂  respectively the regulating 
quantities ku . kk ,1+C contains the partial derivatives of the non-modelled disturbance kw . These matrices as 
well as the covariance matrices ,kxxˆˆÓ , uuÓ  and wwÓ  are used to calculate the predicted covariance matrix 

1+,kxxÓ . 
In the measurement update the non linear function )(⋅a  relates the predicted state vector 1+kx  to the current 
measurements 1+kl . 1+ka  includes the derivatives of )(⋅a  according to the state vector 1+kx . With weighted 
gain matrix 1+kK , the current measurements 1+kl , and the predicted state vector 1+kx  the state vector 1ˆ +kx  and 
its covariance matrix 1ˆˆ +,kxxÓ  can be estimated. The precise equations of the EKF algorithm can be extracted 
e.g. from GELB (1974) or RAMM (2008). 

3.1 Motion Model
In the following sections the dynamic motion model of the vessel is described. It is a uniform and linear motion 
modelled. In consideration of the regulating quantities the motion model is not final. 

3.1.1 Coordinate systems and transformations
For a better understanding of the motion model Table 1 shows necessary definitions of used fundamental 
coordinate systems: the body reference frame of the vessel and the local level (LL) reference Frame. The LL 
system is true north oriented and horizontal. In consideration of the meridian convergence and the deviations 
of plumb line, the LL system is transformed to the Universal Transverse Mercator (UTM) system.

Table 1: Definition of coordinate systems
Body Reference Frame Local Level Reference System

axes orientation
X-Axis positive to Bow

Y-Axis positive to Portside
Z-Axis positive to Up/Mast

X-Axis positive to East
Y-Axis positive to North

Z-Axis positive to Up

notation BX NX
System Right-handed Right-handed

All variables being part of the motion model are labelled with upper indexes to specify the coordinate system 
in which the variable is defined (e.g. Bv  - velocity in the body frame). Upper indexes of angles show the 
direction of rotation (e.g. BNϕ : rotation from body system to LL system). The angular rates are additionally 
labelled with lower indexes (e.g. B

BNω ). These indexes describe an angular rate of the body system related to 
the LL system.

The transformation between these two coordinate systems is described by the three fundamental rotations. The 
variables ψθϕ ,,  represent the three orientation angles between the body system and the LL system with the 
following positive rotational directions:

•	 X-Axis: Port side moves upwards, 
•	 Y-Axis: Bow moves upwards,
•	 Z-Axis: Bow moves towards port side. 

3.1.2 State equation
Most motion models for vessels in the literature are based on the Nomoto-model (NOMOTO ET AL., 1957) 
that combines the rudder angle δ  and the angular rate B

zBN ,ω  about the Z-Axis to predict the motion behaviour 
of the vessel. Some of these extended motion models are described in FOSSEN (2011) or ZIMMERMANN 
(2000). Nevertheless, all these models only predict the two-dimensional position of the vessel. But the basic 
idea can be easily transmitted in a three-dimensional prediction (see, Equation 1). 
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(1)

The model parameters ija  must be determined individually for each vessel (ZIMMERMANN, 2000). Unlike 
in ZIMMERMANN (2000), here the transversal velocity component B

yv  is directly predicted (DAVIDSON & 
SCHIFF, 1946).

The estimated angular rates B
kzBN

B
kyBN

B
kxBN ,,,,,, ˆ,ˆ,ˆ ωωω  and orientation angles BN

k
BN
k

BN
k ψθϕ ˆ,ˆ,ˆ  at time step k  are 

inserted to predict the angles BN
k

BN
k

BN
k 111 ,, +++ ψθϕ  at epoch 1+k , like it is described in Equation 1 (WENDEL, 

2007). Thereby, the angular rates were transformed into the earth-fixed coordinate system. The same applies 
to the linear approximated position changes which are calculated using the estimated velocity components 

B
kz

B
ky

B
kx vvv ,,, ˆ,ˆ,ˆ .

In Equation 1 the rudder angle δ  is the only regulating quantity ku in the motion model. In the project it is 
investigated whether the integration of further regulating quantities (rpm, wind, and flow velocity) improve the 

system accuracy or not. In this case they shall be included in the vector ku .

Finally, the disturbance variables must be defined. In general the time derivates of the state variables are 
the disturbances. Here the time derivates of the angular rates (angular accelerations) and the velocities 
(accelerations) are defined as disturbance variables. 

3.2 Measurement equation
Next to the state equation the second essential component of the Kalman filter is the measurement equation. 
The final state vector 1ˆ +kx  can only be estimated, if the predicted state vector 1+kx  will be updated with 
current observations 1kl + . The observation vector depends on the available sensors (see, Section 2.1). Table 2 
gives an overview about all planned observations. The measured heading BN

kψ  must be adjusted for meridian 
convergence.

Table 2: Observations – “HydrOs”: under the dashed line are regulating quantities, the marked observations are 
used here in the measurement equation (see, chapter 4.2) 

Observation sensor/Model Supported state variable

BN
kz

BN
ky

BN
kx 1,1,1, ,, +++ ωωω IMU BN

kz
BN

ky
BN
kx 1,1,1, ,, +++ ωωω

B
ky

B
kx vv 1,1, , ++  B

kzv 1, +
DVL B

kz
B

ky
B

kx vvv 1,1,1, ,, +++

B
ky

B
kx vv 1,1, , ++  B

kzv 1, +
IMU B

kz
B

ky
B

kx vvv 1,1,1, ,, +++
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BN
k

BN
k

BN
k 111 ,, +++ ψθϕ IMU BN

k
BN

k
BN

k 111 ,, +++ ψθϕ

N
k

N
k

N
k UNE 111 ,, +++  N

kxyv 1, +
 GNSS 1 B

ky
B

kx
N

k
N

k
N

k vvUNE 1,1,111 ,,,, +++++

N
kxy

N
k

N
k

N
k vUNE 1,111 ,,, ++++

 GNSS 2 B
ky

B
kx

N
k

N
k

N
k vvUNE 1,1,111 ,,,, +++++

N
kxy

N
k

N
k

N
k vUNE 1,111 ,,, ++++

 GNSS 3 B
ky

B
kx

N
k

N
k

N
k vvUNE 1,1,111 ,,,, +++++

111 ,, +++ kkk sVHz Tachymeter N
k

N
k

N
k UNE 111 ,, +++

[ ]mbarPk 1+
Barometer N

kU 1+

N
kU 1+

hydrodynamic numerical model N
kU 1+

11, ++ kk rpmδ ammeter motion model

B
kzStr

B
kyStr

B
kxStr vvv 1,,1,,1,, ,, +++

DVL motion model

1,1,, , ++ kwindkxywindv γ wind sensor motion model

4 evaluatIon

4.1 Data Acquisition and Survey Area
To develop the software “HydrOs” and evaluate the dynamic motion model, real data were captured with 
the sounding vessel ‘Mercator’ on the Rhine in Duisburg-Homberg (see, Figure 6). The survey lasted 
approx. 20 minutes. During this time the vessel passed under bridges five times. Measurement gaps inside 
the GNSS positions up to 42 seconds are the consequence. Just before and after the gaps, the accuracy of 
GNSS measurements decreases. Currently these observations are not detected automatically. So implausible 
observations of the height components are the criterion to handle them manually. At the moment, algorithms for 
automatic detection are developed and implemented. The algorithms are based on measurements and quality 
parameters of the several GNSS receivers on the vessel. Information from bow and stern antenna are always 
compared to those from the centre antenna. Large differences indicate loss of GNSS position (KAUKER, 
2014).

 
Figure 6: Measurement drive in Duisburg – evaluated trajectory segments: None shadowed area (right box)  

and shadowed area (left box).
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4.2 Evaluation
The measured data are processed with a simplifi ed version of the motion model (Equation 1): Because the 

model parameters ija  have not been determined yet, the parameter matrix is replaced by an identity matrix and 

the parameters δia  are set to zero. So the angular rates and the velocity components are modelled as constant 
variables and the regulating variable δ was omitted.

For a fi rst evaluation here only one absolute positioning sensor is used: the GNSS receiver at the bow of 
the vessel. The sensors tachymeter and barometer are not installed yet, and the height of water level from 
hydrodynamic models is not integrated because the dynamic draught of the vessel is currently unknown. 

Accordingly, the observation vector 1kl +  is represented by

[ ]TN
k

N
k

N
k

BN
k

BN
k

BN
k

B
kz

B
ky

B
kx

BN
kz

BN
ky

BN
kx UNEvvv 1111111,1,1,1,1,1, +++++++++++++ = ψθϕωωω1kl  (2)

(see also, marked values in the fi rst column of Table 2). Consequently, every state variable is measured directly when 
GNSS is available. If the GNSS signal is completely lost, the observation vector is reduced by the last three elements.

The measured data are evaluated by using the EKF algorithm. Because there is no reference trajectory, the fi ltered trajectory 
is compared to a smoothed trajectory. To smooth the positioning solution with the Rauch-Tung-Striebel (RTS) algorithm 
(HESSE, 2007 or RAUCH ET AL., 1965), in a second step the smoothed state variables are calculated backwards in 
time. The RTS algorithm uses the predicted and estimated state vectors, the appending covariance matrices, as well as the 
transition matrix of the forward fi lter. Furthermore already smoothed state vectors are used. Therefore, the smoothing is 
based on duplicate prediction.

For evaluation, two segments of the complete trajectory have been chosen; each of them has a duration of 90 seconds. 
One section without any shadowing effects (see, Figure 6, right box) and another section with a measurement gap of 42 
seconds for the GNSS positions (see, Figure 6, left box). The gap was extended manually to 60 seconds. By comparing the 
fi lter results with the measurements it can be judged if the requirements are met. Here only the results of the state variables 

kk NE ˆ,ˆ  (horizontal position) and especially kÛ  (height) are considered, because these are the most relevant parameters.

4.3 results
To evaluate the results of the Kalman fi lter the fi ltered trajectory (EKF) is compared to the smoothed trajectory 
(RTS). For easier interpretation it is an appropriate action to consider the longitudinal kl , transversal kt , and 
height kh  deviation at each epoch k  referring to the ship’s body coordinate system (see, Figure 7). Therefore 
the position estimated by EKF at epoch k is transformed on the corresponding body frame at the RTS-position. 

Figure 7: Longitudinal and transversal deviation (according to EICHHORN, 2005)

Outside the gaps the fi ltered trajectory is compared with the GNSS trajectory. Figure 8 shows 90 seconds 
height time series in the non shadowed area (Figure 6, right box). Thus, the GNSS positions are available in the 
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observation vector. It can be seen that the estimated heights (continuous blue line) follow the measured GNSS 
heights. The height differences between the raw GNSS and the filtered positions are invariably less than 3 cm 
and show no systematic effects like latency or drift. Furthermore the GNSS noise is reduced by 1-2 cm. The 
differences in the horizontal components are even smaller. The stochastic input variables shall be adjusted to 
define the level of filtering.

Figure 8: Height time series in none shadowed area  

In Figure 9 (a) the height time series of the second section is shown (see also, Figure 6, left box). Here the 
behaviour of the filtered positions in areas with GNSS signal interruption is analyzed. The height deviations 
between the RTS-smoothed (continuous green line) and the filtered trajectory (continuous blue line) increase 
systematically linear in time. Figure 9 (b) illustrates exemplary this drift effect for all of the five GNSS gaps. 
The maximum height deviations at the end of all gaps vary from -12 cm to 14 cm.

Figure 9: (a) Height time series in shadowed area. (b) Height deviations between the filtered and the smoothed 
trajectory in shadowed area

The drift effects also occur in the longitudinal and transversal directions. Certainly, the maximum deviations 
between filtered and smoothed positions at the end of the gaps are significantly larger. The longitudinal 
deviations vary from -28 cm to 38 cm and the transversal deviations from -30 cm to 41 cm. 

5 concluSIon and outlook
In this paper the authors give an outline of the research issue and the objectives in the development project 
“HydrOs - Integrated Hydrographical Positioning System”. The system design, the planned sensors and already 
used sensors are described and illustrated.

The results of a first investigation based on a simplified dynamic model and a reduced number of sensors show 
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that the desired requirements (see, Section 1.2) are not yet fully met with these simplifications but they look 
promising. As indicator the deviations between the filtered and the smoothed trajectory are considered. If the 
GNSS signal is lost up to 60 seconds, the longitudinal and transversal deviations arise up to 40 cm and height 
deviations up to 14 cm.

The full motion model (see, Equation 1) shall be implemented in the near future. Here the parameters e.g. ija  
that characterize the transmission behaviour between the angular rates and the velocities must be determined 
by extensive field tests. Furthermore the model will be extended by more regulating quantities like wind and 
flow velocity if this improves the system accuracy.

With comprehensive Monte-Carlo-simulations SCHEIDER & SCHWIEGER (2014) came to the conclusion 
that a curve prediction model can improve the accuracy a little. The currently linear prediction model for the 
positions shall be used when the vessel moves straight ahead and will be replaced by a curve prediction model 
during manoeuvres. All described sensors and the hydrological parameters will be integrated in the filter. The 
sensor redundancies will further improve the accuracy and availability of the positioning system. 
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abstract
In aviation the demand for landing systems independent from ground-based navigation and guidance 
infrastructure rose in recent years. Onboard optical sensors can significantly contribute to this goal and 
provide independent measurements of the aircraft state. However, sensor fusion algorithms are necessary in 
order to integrate these new sensor data along with standard measurements, for example barometric altitude. 
Within the research project C2Land a modified sensor selection algorithm is introduced that prepares a set of 
sensors, including an optical camera and a lidar, to be used for sensor fusion. In a simulation error budgets 
are considered, set in relationship to each other and embedded into an environment model. Furthermore 
the algorithm and its parameters are optimized for a robust sensor selection, which considers past sensor 
measurements, residuals and derivatives. The selection algorithm is designed to run in real time during later 
flight trials onboard the Dornier Do-128-6 research aircraft of the Institute of Flight Guidance at the Technische 
Universitaet Braunschweig, see Fig. 1.

Figure 1 - D-IBUF operated by the TU Braunschweig

Keywords
Sensor Fusion, Sensor Selection, Height Calculation, Integrity, Lidar, Radar, Camera

1 IntroductIon
In recent years technology advancements in terms of calculation capacities and processing speeds enabled the 
usage of optical sensors in aircraft navigation. Sensors with high data rates and volumes can now be evaluated 
and interpreted in real time [Sturm, 2013, Ansar and Daniilidis, 2003, Serrano and Seraji, 2007]. Caused by the 
demand for autonomous aircraft navigation, new developments in sensor data processing have to be conside-
red. To reduce costs and increase flexibility new landing systems are targeted that are completely independent 
of ground-based navigation and guidance infrastructure. Optical systems can contribute to this goal but require 
a-priori information about runway geometry, position and heading for the specific airports in order to provide 
positioning and guidance information. The a-priori information can be provided in form of databases and is not 
considered to be part of the ground infrastructure. Within the C2Land project from the Technische Universitaet 
Braunschweig a navigation system based on multi-sensor fusion is being developed.

With safety critical landing systems as part of high-level automated navigation units, not only accuracy, availa-
bility but especially integrity is vital for reliable operation. According to SARPS Annex 10, integrity is defined 
as “a measure of trust which can be placed in the correctness of the information supplied by the total system. 
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Integrity includes the ability of a system to provide timely and valid warnings to the user“ [International Civil 
Aviation Organisation, 2006]. At this point, a new challenge arises that is to combine the new optical sensor 
technologies with the standard requirements for safe aircraft landings at given integrity levels.

Based on these demands, this paper presents a solution for height calculation based on the algorithm from 
Gageik et al. [2012] using a video camera, a long-range lidar, a radar altimeter and a barometer. As a result, 
the selected can be used to update sensor fusion systems. The algorithm will be modified and optimized for the 
properties that arise from the optical sensors. Finally, the selection algorithm is optimized for this particular 
set of sensors.

2 theory
In this paper four stand-alone sensors will be addressed: barometer, laser scanner, radar altimeter and video 
camera. These are filtered by an algorithm, which selects the best sensor.

2.1 Hight Definition
In simulations of this paper, sensor height measurements are generated and added with errors in order to simu-
late realistic sensor behavior. Therefore the term ‘height’ must be defined, which is able to unify height mea-
surement principles of different sensors, for example evaluating the earth’s curvature error caused by camera 
and laser scanner measurements. Therefore a Cartesian coordinate system is introduced, which combines the 
advantages of Cartesian calculation with exact airplane position definition and height calculation:

In this paper, height is defined as the distance of the airplane over ground whereas the ground surface is defi-
ned as the azimuthal equidistant projection of the WGS-84 ellipsoid at the height  and location of the runway 
touchdown point, which is in our case the airport EDVE in Braunschweig. The advantage of this projection is 
that directions and distances with respect to the touchdown point are proportionately correct.

 
Figure 2 – Coordinate system in this paper

Based on this projection we define a two-dimensional Cartesian coordinate system (Figure 2), which is origi-
nated at the runway touchdown point and is suitable for height calculation:

•	 The -axis lies on the above-mentioned azimuthal equidistant projection and points in the direction of 
the flight path during landing approach.

•	 The -axis or height is defined as the normal vector of the above-mentioned azimuthal equidistant pro-
jection, pointing in opposite direction to the center of the WGS-84 ellipsoid.

With this coordinate system, distances on the -axis with  are equal to distances on the WGS-84 ellipsoid at the 
height of the runway touchdown point. This means that the error of relocating the airplane on the flight path 
due to projecting the WGS-84 ellipsoid into Cartesian coordinates is set to zero. Therefore errors regarding the 
earth’s curvature only address the -axis.
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All quantified sensor features, which for example describe errors and environmental abnormalities, relate to 
the -axis of this coordinate system.

2.2 Sensor Features
The following chapters present a listing of sensor errors based on their individual measuring principles. Each 
error and its origin are outlined in bullet points followed by its mathematical representation in the simulations. 
One subsection in the sensor description contains the a priori knowledge required for the height calculation. 

2.2.1 Barometer
The barometer is a widely used sensor in aviation: barometrical pressure settings define flight levels (QNE) or 
airport altitudes (QNH, QFE) and allow air traffic to be comparable and manageable. 

a priori knowledge: Data from airplanes approaching with QNH have to be subtracted with the local airport 
elevation to compute height from altitude. Each time the expression ‘height’ is associated with a barometric 
measurement, it references to QNH altitude with subtracted airport elevation. To approach with QNH the local 
sea level pressure must be known.

Three main sensor errors define the total error budget of the barometer:

•	 the error induced from the sensor, which includes measurement noise, pipe friction and inertia,

•	 the positioning error, which addresses boresight values, angular displacements and the aircraft-in-
duced pressure field and

•	 the meteorological error consisting of wind, temperature, temperature gradients and local pressure 
above mean sea level.

Considering these errors, three modifications must be added to an ideal flight path height and vertical speed 
measurement for a realistic simulation. Normal distributed noise simulates the sensor error and offset while 
drift provides simulation of all three errors. To quantify the total barometric error budget, height measurements 
of recorded flight data of the experimental vehicle Do-128 are used.

2.2.2 Laser Scanner
For this paper a laser scanner (/lidar), e.g. Fig. 3 is used which deflects the laser beam in two dimensions; hence 
each scan covers a two-dimensional area on the ground. The scanned environment is located in front of the 
airplane in flight direction.

 
Figure 3 - Opal 120 from [Neptec Technologies Corp., 2013]

Each scan provides a point cloud with corresponding angles, distances and reflection intensities. For height 
calculation out of this point cloud, a mathematical plane is fitted in the cloud and the shortest distance between 
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plane and origin of laser beams is calculated. According to conclusions from Brenner [2006] height data from 
laser scanners are measured accurately, so the plane-fitting approach will contribute to an accuracy enhance-
ment. The algorithm used here is originated from Johnson et al. [2002] and uses a Least Median Square fit to 
approximate the mathematical plane to the point cloud.

a priori knowledge: As soon as the lidar only scans the runway no further a priori knowledge is necessary.

Assuming the correctness of the described height determination the following remaining errors, similar to the 
barometric errors must be considered:

•	 the sensor error regarding the measurement inaccuracy,

•	 the positioning error including boresight values and angular misalignment and

•	 the error resulting from the difference between ideal and real laser beam echo, specified by  Brenner 
[2006]. This error includes beam divergence, power balance, reflectivity and other interactions with 
ground targets. This sensor is called laser beam error.

•	 Another error arises from the allocation of the point cloud to the mathematical plane and is in this pa-
per called point cloud processing error (PCPE). Higher variance in the point cloud coordinates will be 
expected with increasing distance to the scanned surface due to large environment coverage (e.g. the 
acquisition of forest, houses and masts).

•	 In case the runway plane has a longitudinal slope unequal to zero, the runway slope error (RSE) arises, 
describing its rotation towards our -axis.

•	 An error that results from measuring the height of the airplane over the runway with light beams and 
therefore disregarding the earth’s curvature influence at the current airplane location is called flat earth 
error (FEE). In this paper the true earth surface around the airport is assumed to have constant height 
with .

Hence, simulating a synthetic height signal based on these errors is complex. Normal distributed noise is used 
to simulate sensor- and laser beam error. An offset is added addressing the positioning error. Although the laser 
beam is sent out in direction around the approach path and is reflected from the runway or it’s near environ-
ment, at long distances to the ground - as described by the PCPE - the plane detection algorithm is considered 
to provide varying planes and therefore varying height measurements. The PCPE is simulated here with a 
distance-dependent, normal-distributed noise. The RSE causes a linear offset ramp starting from the coordinate 
system origin, which is in our simulations set to zero. The FEE is described with an elliptical offset originated 
at our coordinate system’s origin.

2.2.3 radar altimeter
In this project a standard mounting of a radar altimeter designed for airborne use with respective accuracy and 
measuring range is used. Therefore the sensor error is statistically specified in the sensor datasheet and can be 
simulated without mathematical conversions. An offset will be used for mounting error simulation. In addition 
to sensor- and mounting error, the scanned ground adds offset and noise to the height signal. This error is called 
environment error in this paper. In an environment simulation a forest is modeled in front of the runway and is 
added according to the approach at runway 28 of ICAO-airport EDVE.

a priori knowledge: None.

2.2.4 Video Camera
Sensor data from an industrial video camera (see Fig. 4) will be transformed into height using an algorithm 
from Eitner and Holzapfel [2013]. In this article two runway edges must be detected to calculate the lateral and 
vertical displacement of the airplane towards runway coordinates. 
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Figure 4 - MV1 from [Photonfocus AG]

a priori knowledge: Furthermore, for this algorithm, knowledge of the width and attitude of the runway is 
required.

The vertical displacement of the aircraft calculated by Eitner and Holzapfel [2013]’s algorithm is equal to the 
height over runway level. Through complex calculation and extraction of height information, the following 
errors arise from this method:

•	 Like for the other sensors the sensor error of the video camera includes image sensor noise and manu-
facturing defects regarding optical aberration.

•	 The mounting error is also relevant for the measurement with the video camera. 

•	 The image processing error describes misinterpretations in image processing algorithms. The range of 
validity of this error starts with the acquisition of the image from the camera and ends with releasing 
the detected edges of the runway and is therefore modeled with high noise and infrequently occurring 
outliers

•	 In Eitner and Holzapfel [2013]‘s paper values will be calculated with Cartesian and Plücker coordi-
nates. These calculations do not explicitly consider the runway slope and the earth‘s curvature which 
adds RSE and FEE similar to the error analysis of the laser scanner.

For sensor- and positioning error, noise and offset will be added to the ideal height signal. The Flat Earth Error 
and the Runway Slope Error lead to a distance-related offset in the simulation. Analogous to the laser scanner 
the RSE is in this paper set to zero. Due to first video processing tests with the Canny Edge algorithm [Canny, 
1986] and the Hough Transformation [Hough, Paul V. C., 1962] the image processing error can be simulated 
with noise and distance-related offset based on failure of the edge recognition. In addition, scattered offsets 
simulate misinterpretations in the image processing, which occur infrequently.

2.3 Selection Algorithm
The mathematical algorithm from Gageik et al. [2012] will be used to select the best sensor in the pool of sen-
sor measurements at the current time step. To ensure high quality of the selection, the measurement principles 
must be dissimilar, which is given by our set of sensors. This algorithm is applied to the sensors of this project 
and refined by adjusting parameters for our case. Height data  as well as derived height data  are used, which 
complies in the paper [Gageik et al. 2012] with Main Data (h ̇) and reference Data (h ̇ ). Reference Data are in 
this paper acquired from deriving barometrical, lidar, radar and camera height data.

The selection of a sensor at the time step  and each sensor  is based on minimizing all Total Weights  each 
consisting of three sub weights . The Main Weight , Reference Weight  
and Own Weight  each compare, how the height sensor measurement  of sensor  differs from other 
measurements in this set of sensors.
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To obtain , first each main sensor  is compared to each other main sensor  with index  in the Main 
Weight  by computing the sum of all squared differences. From Gageik et al. [2012]:

  (1)

The variables  and  are weighting factors for each respective sensor. Second the Reference Weight 
 is calculated by referring each main sensor  with each reference sensor . Note that  and 

. In  Gageik et al. [2012] leaves unclear, how data from a reference sensor is turned into height-
data to be comparable. Introduced in this paper is the following solution:

If no previously chosen sensor with minimal Total Weight  is available, the reference data consists 
of the previous measurement of the same sensor  added with the reference data :

  (2)

If a previous chosen sensor  is available, the chosen sensor value  is used:

  (3)

Third the Own Weight  is calculated, which compares a main sensor’s measurement with its previous 
measurement by their norm and a weighting factor  analogue to  and . Despite using a general 
coefficient  in Gageik et al. [2012], we set up a sensor-specific coefficient . The Total Weight sums all 
subweights and, if available, adds the previous Total Weight weighted with an influence factor . Gageik et al. 
[2012] defines  as:

  (4)

2.3.1 Choosing the best sensor
The minimal Total Weight  of all available sensors identifies the corresponding most reliable sensor chosen 
by the algorithm for each time step . This means, that the selected sensor has the least weighted difference to 
past sensor measurements, residuals and derivatives. This property is defined as the “best sensor” in this paper.

In contrast to Gageik et al. [2012]’s paper, which makes no point whether sensor data is provided in every time 
step, this paper extends the algorithms for sensors that are sometimes unavailable and consequently do not 
deliver measurements for specific epochs. This is a typical case for optical sensors, which occasionally cannot 
provide measurements because recognition algorithms may fail for different reasons. Moreover, some sensors 
only provide valid measurements in specific measurement ranges, e.g. the radar altimeter only works below 
500 feet. Nonetheless the barometer acquires data independent of its current height over ground and can be 
assumed to provide data continuously.

As sensor data availability increases with decreasing height, the following case has to be con-
sidered: The first time a new sensor provides Main Data in addition to the barometer, not all 
subweights can be calculated due to unavailable measurements in the last time step , see equa-
tion 5. This leads to calculation of an incomplete Total Weight by adding subweights, which are 
zero by default. The effect can be a selection of a sensor, which is mostly unavailable. This is not 
a desired behavior. As a result, each Total Weight must only be calculated when all subweights are 
available.

  (5)

The above-mentioned condition excludes selection of a sensor, when only one sensor is available. Therefore 
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an exception will be added which chooses the only sensor if available. The selection process is displayed in 
the pseudo code, algorithm 1.

Algorithm 1 - Selection process to find optimal sensor

2.3.2 Included Integrity check
Common integrity methods in aerospace [Brenner, 1995, Diesel and Dunn, 1996, Vieweg, 1994] rely on com-
parison and exclusion of multiple sensor inputs which deliver the same kind of information. That way, fault 
detection and exclusion can be performed to ensure integrity and to be able to continue the flight even in the 
presence of one single sensor fault. For example the A340 uses multiple identical probe clusters in case of sen-
sor failure [Airbus Training].

Despite not explicitly being mentioned in Gageik et al. [2012]’s paper, his Total Weight calculation performs 
sensor comparisons similar to plausibility checks, including

•	 comparison of all height sensors with each other (Main Weight) and with vertical speed sensors (Ref-
erence Weight) and

•	 plausibility check of each sensor by comparing current and past measurements of the same sensor 
(Own Weight).

The missing part in this plausibility check is the selective exclusion of sensors. Corrupt sensor measurements 
get a bad rating in the Total Weight while good sensors get a good rating. The algorithm’s consequence is 
to exclude all but the best-rated sensor. The following chapter will investigate the introduced algorithm in a 
simulation.

3 SImulatIon and evaluatIon
The approach scenario including sensor simulation and Gageik’s selection algorithm (Fig. 5) is realized in 
MATLAB. The measurement series are calculated with the errors described in chapter 2.1 for the entire time 
span. 

Figure 5- Flight Path for Approach (solid line) and forest (green). Modified from [FreePatentsOnline.com, 2003]

For the sensors, no measurements of trust could have been estimated yet, hence the weighting factors for the 
sensors:  and  are all set – for equal sensor influence – to one. The weight of the past Total Weight 

 has been set to zero (no influence of past Total Weight). With this setting the simulation produces results 
displayed in Fig. 6.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



94

Fig. 6 shows the activation of the sensors at different height levels. The chosen measurements from the al-
gorithm all lie in the direct near to the ideal fl ight path and mostly disregard high noise values from recently 
activated sensors. Misinterpretations in the image processing of the camera lead to height calculation offsets 
around time 76 s and 88 s. These errors are excluded from the sensor choice by the algorithm. Fig. 6 also de-
picts that the scanned forest of the radar around time 108 s is disregarded.

Fi gure 6 - Measurements of Sensor subtracted with ideal Flight Path, delta=0

Fig. 7 shows the output of the improved sensor choosing algorithm. The barometer loses infl uence as 
other sensors become more precise i.e. less noisy. This choosing-process results from a constant low-noise 
measurement of the barometer while with increasing precision of camera, radar and lidar, seen in Fig. 6, the 
algorithm changes its sensor choice for the better sensors.

Fig ure 7 - Chosen Sensor over time, delta=0

Shown in Fig. 6 are sensor selection results from our modifi ed algorithm from Gageik et al. [2012]. In the 
following section the parameters of this algorithm will in the post processing be adjusted to minimize errors 
in sensor selection.

3.1 Opt imizing Delta
After  and  are determined according to section 3, the variable of the algorithm to be optimized in 
this chapter is . Delta describes the infl uence of the past measurements on the current measurements. A low 

 disregards the past sensor selection and focuses on the current calculation of the subweights while a high  
has vice versa properties. In this chapter the optimal  will be calculated by minimizing the squared sum of 
height errors. This Least Squares method is chosen in order to avoid selecting a sensor with high error to the 
ideal fl ight path.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



95

Fig. 8 shows the height error distribution for varying , using an exhaustive search.

Figure 8 - Multiple flight path approach tests with varying delta

Each box plot in Fig. 8 displays a statistical evaluation of all height errors during one approach flight. An error 
equal to zero means that the airplane height calculated with our algorithm is equal to the true airplane height 
in the simulation. Several boxplots have been calculated for different delta levels .

Figure 9 - Flight tests with varying delta

At ≤0.5 sparsely occurring coincidence of noises from sensors lead to selection of a bad sensor, which best 
fits to these noise levels. Higher  values with  >0.5 have stronger focus on past measurements. Compared to 
lowpass filters they suppress sensor choices based on noise-coincidence. Boxplots with these values show that 
sensors are chosen, which have highest coincidence with other sensors and not with sensor noise. However  

 =1 lets the algorithm choose the first available sensor, which is the barometer in this case. The barometrical 
drift leads to shifting the mean error above 0 m at =1.

Series of flight path approach tests are shown in Fig. 9: each circle represents the Root Mean square error of 
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one flight approach. The mean delta, calculated from Fig. 9, which minimizes flight path errors is =0.8. Non-
theless the error amounts between =0.7 and =0.95 are similar and can hardly be distinguished in any figure. 
This result is only valid for the sensor set used in this project. It is recommended that  will be optimized for 
each set of sensors.

4 concluSIon
This paper has shown a robust and optimized modification of Gageik et al. [2012]’s algorithm, which is able to 
handle sensors with non-continuous data provision and which provides an optimization scheme (chapter 3.1) 
for choosing a  value considering a distinct set of sensors. Therefore, a set of sensors has been analyzed and 
embedded in a simulation model. The advantages of using optical sensors in aircraft landing are exploited by 
this algorithm: Misinterpretations in optical data processing are detected and excluded which increases integ-
rity (chapter 2.3.2), while the height of the aircraft is calculated by the best available sensor (chapter 2.3.1), 
which can be used to increases accuracy. The navigation system is further independent of additional ground-
based guidance infrastructure.

Based on the gained knowledge about this sensor set, the selection algorithm has been refined and optimized 
towards minimum residuals compared to the ideal flight path. In sensor fusion algorithms the optimized height 
information can be used for updating the aircraft states. This update contains the qualitative information that 
the used height update was chosen from the best available sensor.

4.1 Perspective
For future works the fusion algorithm can be further improved when the following open points are regarded:

•	 For quantification of accuracy and integrity, the total error budget of each sensor measurement has 
to be quantified and embedded in this algorithm to show selection of the most accurate in the avia-
tion context. Improving accuracy by selecting more than one good sensor or dimensioning the sensor 
weighting factors  and  can be investigated.

•	 As part of sensor features the frequency of measurement acquisition must be implemented in the 
simulation. 

•	 To further improve the selection quality of the algorithm, it must be considered to only use reference 
data (h ̇ ) with good quality/low noise. Especially h ̇ -noisefrom derived height data is magnified by deri-
vation. This data results in temporally scattered bad selection of sensors, described in section 3.1.
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Real-time Bundle Adjustment with an Omnidirectional Multi-
Camera System and GPS
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abstract
In this paper we present our system for visual odometry that performs a fast incremental bundle adjustment for 
real-time structure and motion estimation in an unknown scene. It is applicable to image streams of a calibrated 
multi-camera system with omnidirectional cameras. In this paper we use an autonomously flying octocopter 
that is equipped for visual odometry and obstacle detection with four fisheye cameras, which provide a large 
field of view. For real-time ego-motion estimation the platform is equipped, besides the cameras, with a dual 
frequency GPS board, an IMU and a compass. In this paper we show how we apply our system for visual 
odometry using the synchronized video streams of the four fisheye cameras. The position and orientation 
information from the GPS-unit and the inertial sensors can optionally be integrated into our system. We will 
show the obtained accuracy of pure odometry and compare it with the solution from GPS/INS.

Keywords
Visual odometry, incremental bundle adjustment, omnidirectional cameras, multi-camera system, UAV

1 IntroductIon
In the DFG-project Mapping on Demand at the University of Bonn and the Technical University of Munich 
we are developing a lightweight autonomously navigating unmanned aerial vehicle (UAV). The goal of the 
research project is to develop and to test procedures and algorithms for the fast three-dimensional semantic 
mapping of inaccessible objects on the basis of a high-level user request. The UAV flies fully autonomously to 
capture images in a user specified region even in close vicinity to obstacles. The captured images are directly 
transferred to a ground station, where they are processed in a fast bundle adjustment, to refine the on-board 
estimated positions and orientations. The accurately oriented images are subsequently used for dense surface 
reconstruction (Steinbrücker, F. et al., 2014) and semantic interpretation (Loch-Dehbi, S. et al., 2013).

Lightweight UAVs can operate from above in inaccessible and even dangerous areas. The on-board sensing of 
a lightweight UAV has to be designed with regards to its limitation in size and weight, and the limited on-board 
processing power and on demand semantic mapping tasks require highly efficient algorithms. Our sensor setup 
is carried by an octocopter platform with a maximum total weight of 5 kg. The arrangement of the on-board 
sensors is shown in Fig. 1. Besides the high resolution camera which is used for the actual mapping task on the 
ground-station, our octocopter is equipped with four fisheye cameras. The fisheye cameras are used besides (a) 
ultra sonic sensors and a rotating laser scanner for obstacle perception (Nieuwenhuisen, M. et al., 2013) and 
(b) a GPS-unit, an IMU and a compass for on-board ego-motion estimation (Eling, C. et al., 2013). The full 
sensor setup and the integration of the multiple sensors for the autonomous navigation task are described in 
detail in (Klingbeil, L. et al., 2014).
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Figure 1: Sensor setup of the UAV (picture taken from Klingbeil, L. et al., 2014).

The four fi sheye cameras are mounted as two stereo cameras. One camera pair is looking forward and one 
backwards with a pitch angle of 45°, covering a large fi eld of view, see Fig. 2. Each camera has a Lensagon 
BF2M15520 fi sheye lens with a fi eld angle up to 185°. The cameras are sampled with a frequency of 10 Hz in 
a synchronized way. The basis between the cameras amounts to 20 cm providing highly overlapping views at 
each time of exposure. The monochromatic images have a resolution of 752×480 pixels.

Bundle adjustment is the work horse for orienting cameras and determining 3D points. It has a number of 
favorable properties, e.g. it is statistically optimal in case all statistical tools are exploited and it is highly 
effi cient in case sparse matrix operations are used. Nevertheless, the computational expense grows with the 
number of images involved. Incremental bundle adjustment avoids periodical batch steps with recurring 
calculations by performing only calculations for entries of the information matrix, i.e. the normal equation 
matrix or inverse covariance matrix, that are actually effected by new measurements. (Kaess, M. et al., 2012) 
provide a sparse nonlinear incremental optimization algorithm called iSAM2, which is highly effi cient, as only 
variables are relinearized that have not converged yet and as fi ll-in is avoided through incrementally changing 
the variable ordering. A bundle adjustment that works with omni-directional and multi-view cameras, that can 
handle arbitrary bundles of rays and that allows for points at infi nity, was realized in former work as a batch 
version, see (Schneider, J. et al., 2012), and as an incremental version, see (Schneider, J. et al. 2013). In the 
later paper fi rst experiments w.r.t. time requirements and optimality of the solution were shown by using the 
iSAM2 algorithm for a keyframe-based incremental real-time bundle adjustment. 

The paper is organized as follows. In section 2 we treat the issue of visual odometry for real-time ego-motion 
estimation using the synchronized image streams of the four omnidirectional fi sheye cameras in a keyframe-
based fast incremental bundle adjustment that is able to integrate the position and orientation information 
obtained by a GPS-unit and IMU. In section 3 we will examine the accuracy of pure odometry and compare it 
with the acquired GPS/INS information. Finally we will conclude and give an outlook on future work.

2 concept for vISual odometry
Visual odometry consists in determining the pose, i.e. the position and orientation, of the cameras in real-time. 
Our system uses feature points detected and tracked on the synchronously taken frames of the four image 
streams. The process consists basically of the following steps:

1. The data acquisition and association detects feature points, performs the matching and provides camera 
rays associated to other cameras.

2. The orientation of the frames of the image streams provides initial values for the subsequent bundle 
adjustment and is used to select keyframes.

3. The incremental bundle adjustment uses the new information at a keyframe and merges it optimally 
with the previous information.
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We determine the interior orientation of each fisheye camera in advance using the equidistant-model and 
Chebyshev polynomials according to (Abraham, S. and Hau, T., 1997). The position and orientation between 
the four cameras is determined by using the system self-calibrating bundle adjustment as described in 
(Schneider, J. and Förstner, W, 2013). 

2.1 Incremental Image Orientation
Our visual odometry method is based on interest points, which are tracked in the image streams from frame 
to frame using the KLT tracker (Bouguet, J.-Y., 2000) from the OpenCV library. The tracks in the individual 
cameras are matched across the cameras by using a correlation based matching. An example of extracted 
feature points in a simultaneously taken frame set of the four fisheye cameras is shown in Fig. 2. Tracked 
feature points are converted into ray directions by using the interior orientation determined in advance.

Figure 2: A frame set consisting of four images taken with the four fisheye cameras. Each image contains 50 
interest points, which are tracked using the KLT tracker from the OpenCV library.

At the initiating frame set we determine scene point coordinates by forward intersecting the matched ray 
directions in the stereo pairs. After initialization, each frame set is oriented by computing the motion of the 
camera system via simultaneous resection of all cameras using a generalized camera model with multiple 
projection centres and the known system calibration. We use a fast and robust Maximum-Likelihood-type 
estimation that converges mostly in 2-3 fast iterations when using the last pose as the initial solution. Robustness 
is achieved by down weighting observations with large residuals. Tracks with observations getting low weights 
are considered as corrupted. Corrupted tracks are replaced by new tracks by extracting new interest points.

Our incremental bundle adjustment refers to keyframes, which reduce the processing to some geometrically 
useful, tracked observations. A keyframe consists of four frames taken simultaneously. The initiating frame set 
is used as the first keyframe. Further keyframes are initiated if a minimal distance or rotation regarding to the 
last keyframe is exceeded. In case a new keyframe set is initiated, the new observations are used to update and 
refine the scene points and poses of the keyframes in the incremental bundle adjustment. Initial values for new 
tracked scene points are obtained by forward intersection, where we claim that each track consists of at least 
three keyframes. We do not use intersected scene points that show large residuals in the observations and we 
consider the associated track to be corrupted. Observations of already intersected scene points are assumed to 
be revised from corrupted tracks via the former robust resection.

With each new keyframe the bundle adjustment is solved including the new observations and variables. The 
bundle adjustment refines the scene points and poses of the keyframes simultaneously. This step is the most 
costly one as it uses all available data. For our real-time application the processing of a new keyframe needs 
to be finished by the time the next keyframe is added. For the first ten keyframe sets we use a batch bundle 
adjustments as the optimization task includes only a small number of variables yet. Since further bundle 
adjustment steps grow in complexity they need to be solved efficiently to ensure real-time capability. Therefore 
we merge new information incrementally with the previous information using the software package iSAM2 
for “incremental smoothing and mapping” (Kaess, M. et al., 2012) that yields a fast optimal solution for our 

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



101

bundle adjustment (Schneider, J. et al., 2013).

2.2 Integration of GPS/INS Information
The measured position and orientation by GPS and IMU refers to the body frame of the UAV. We calibrated 
the four cameras to the body frame by using a highly accurate scanned point cloud of the four cameras and 
the physical reference of the body frame. The camera directions are determined by fitting cylinders into the 
scanned camera casings and the projection centres are derived from the centres of the scanned lenses. We 
transform the mutual positions and orientations derived from the system self-calibrating bundle adjustment 
on the camera directions and projection centres derived from the scanned point cloud by using a spatial 
similarity transformation that includes also the rotation parameters (Dickscheid, T et al., 2008). The projection 
centres derived from the scan are badly determined in the direction of the camera directions and the rotations 
around the camera directions can only be approximately assumed. We take this into account by lowering the 
corresponding weights in the similarity transformation.

At the moment we are working on the integration of GPS/IMU information into our real-time visual odometry 
system. In case all sensors are calibrated in one single frame, the so called body frame, we can use the position 
and orientation with its covariance as direct observations of the pose parameters on each keyframe. As these 
poses are oriented in a different coordinate system as the poses of the visual odometry, we transform the poses 
of all keyframes with a similarity transformation as soon as enough GPS/IMU information is available. From 
then on new observations can be incrementally added to our bundle adjustment.

3 fIrSt eXperImentS
Tracking 200 feature points in each camera and setting the convergence criterion for the rotations to 0.1° and 
for the translations to 1cm yields a very fast processing of the bundle adjustment that is always faster than one 
second on the on-board computer (Intel Core i7, 8GB RAM). In (Schneider, J. et al., 2013) we have shown 
that the required time is independent of the number of new observations added to the optimization problem 
but rather highly depends on the number of affected variables that need to be relinearized in an incremental 
optimization step within the iSAM2 algorithm. Further, we have shown that the incremental bundle adjustment 
provides estimated pose parameters which are in a statistical sense optimal like using a rigorous batch bundle 
adjustment.

In this paper we want to compare the on-board processed trajectory with our visual odometry algorithm of 
the UAV with the on-board processed solution of the GPS/IMU. Figure 3 shows positions obtained by our 
visual odometry system (solid line with crosses) and positions obtained by the georeferencing unit (fixed 
GPS solutions are marked with green dots and float solutions with red dots) during a five minute long flight. 
The visual odometry initiated 273 keyframes with 17,157 observations of 864 scene points, whereby 4,803 
frame sets were orientated by resection (not shown in Fig. 3). To compare both trajectories the 7-parameter 
similarity transformation between the poses of incrementally refined keyframes and the poses from GPS/INS 
is determined, using the positions of both trajectories. The differences to the positions obtained by GPS are up 
to 60 cm.
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Figure 3: The onboard processed trajectories of the georeferencing unit and transformed incremental bundle 
adjustment. Left: Lateral view on the trajectories in the yz-plane, note the capability of the visual odometry to 

bridge fl oat solutions of the georeferencing unit. Right: Top view on the trajectories in the xy-plane.

Figure 4 shows the estimated accuracy of the on-board estimated translation and rotation parameters of the 
keyframes regarding to the pose of the fi rst keyframe at the origin in Figure 3. Note that the uncertainty in the 
translation grows in the direction the UAV fl ies. The uncertainty of the rotations grows linearly. The estimated 
standard deviations of the translations stay under 30 cm and the uncertainty in the rotation parameters rises up 
to 0.4°. Note that the estimated uncertainties do not describe drift or systematic errors in the calibration.

Figure 4: The estimated standard deviations of the obtained position (left) and rotation (right) regarding to the 
fi rst keyframe. The estimated inner uncertainty is given for 273 keyframes.

4 concluSIonS and future Work
We presented our system for visual odometry performing a keyframe-based bundle adjustment for real-time 
structure from motion estimation in an unknown scene. Incremental bundle adjustment is performed by using 
the iSAM2 algorithm for sparse nonlinear incremental optimization. Our bundle adjustment allows for multi-
view cameras, omnidirectional cameras. First results show the achieved accuracy of the visual odometry 
system. Visual odometry is an interesting supplement GPS/INS, as it works in GPS-denied environments and 
the relative pose estimation is highly accurate.

To overcome the drift, we are integrating at the moment the GPS/INS observations into our visual odometry 
system. Furthermore we are replacing the drifting frame to frame tracking using the KLT tracker with a 
keyframe to keyframe tracking and we are thinking of a simple loop closing procedure recognizing already 
observed environments.
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abstract
This paper gives an overview of preliminary results from the project SmartBot. It is a cross-border collaborati-
on involving 24 different partners from Germany and the Netherlands. The project aims at transferring robotic 
algorithms and methods into industrial and agricultural applications. In this paper we present the automation 
of a sugar beet harvester using the Robot Operating System (ROS) framework. As an essential component of 
the automation a high-level planning system is developed. It tackles the optimisation problems of strategy and 
path planning for one harvester with the objective of soil protection. Results of the high-level planning system 
are trajectories for the sugar beet harvester, which covers the field and the transport of the harvested crops to 
the storage clamp. The optimized paths take the driven paths into account. This approach provides an initial 
impulse to avoid soil compaction by avoid multiple passing of the same field area. As a first step to an autono-
mous working machine a path tracker is integrated and tested on a sugar beet harvester. Besides the technical 
description, pros and cons for using ROS in agricultural robotics are discussed. 

Keywords
path planning, ROS, autonomous harvesting

1 IntroductIon
Over the years, the desire and the need to improve the harvesting process economically has led to a permanent 
increase in size of the harvesters. Current sugar beet harvesters for example have a weight of up to 50 tons.  
This is due to the mass of the sugar beets in the fields but also due to efficiency and time constraints. How-
ever, there are limits to this growth. On the one hand the transport on public roads is problematic, on the other 
hand larger and heavier machines lead to soil compaction. This may have long term effects on the environ-
ment and also on the economics of agricultural production. In order to be able to think about smaller, but still 
economical, harvesting machines the time constraint has to be dissolved. This can be achieved by a continu-
ously, autonomously working machine. Therefore methods and algorithms of robotics become more and more 
interesting for agricultural applications. Inspired by the experience of robotics, new machines and methods 
for this application are being developed and explored in various projects like RHEA [Go11], BoniRob [Ru09] 
or marion [Sch13]. While projects such as RHEA and BoniRob focus on developing new sensor platforms 
and their automation, marion considered the automation of the unloading process with current harvester and 
unloading vehicles. In this approach, the objective is the optimization through integration of robotic methods 
and algorithms into existing machines. One subproject of the SmartBot project uses the same approach, by fo-
cusing on the automation of a Grimme Maxtron sugar beet harvester with the Robot Operating System (ROS) 
[ros] framework. Research will focus on preventing or minimizing soil compaction, soil degradation and soil 
erosion on the field based on an optimized path planning as well as on machine control. 

Based on the task to harvest the entire field, the harvesting process can be conceptualized as a coverage path 
planning problem. [Ch01] gives an overview of different approaches for this class of problems. There are other 
applications that also need coverage path planning. Examples are mapping unknown environment, demining, 
cleaning or painting. However, in a harvesting process it is not enough just to harvest the entire area. Various 
restrictions need to be incorporated, such as, for example, the adherence to fixed lanes or the consideration 
of the bunker level. In addition, it should be noted that the search space dynamically changes with the area 
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harvested. Therefore, the existing methods have to be adapted. [Ok07] and [Jin09] pursued the approach to 
optimize the path for a harvester by changing the position of the lanes in the field based on efficient cell de-
composition. The aim was to find a coverage path by reducing the number of turnings and the cost of turnings 
in the headland. With this method, the geometry of the field is well covered for the harvesting scenario, but the 
influence of a passed path is not considered for further path planning. To solve the problem of soil conserva-
tion the driven paths play a crucial role. [Du13] show the distribution of the paths driven in the field, during 
a harvesting process. The results show multiple passing especially in the headland area caused by turnings 
and transport of the harvested crops. Caused by multiple passing the burden in these regions can by high and 
can lead to soil compaction. Path planning, as an essential component for an autonomous working machine, 
provides a first approach to minimize this problem by path optimization. Based on this, the task of the path 
planning system for the sugar beet harvester is to generate a path for an efficient execution of the entire field. 
Such a plan contains an optimized path in the headland, as well as a return to the storage clamp taking passed 
areas into account. 

In addition to model the planning problem, a general control strategy has to be chosen, which contributes to 
soil protection. Current approaches discuss two different strategies with no clear favourite. The first strategy 
is referred to as controlled traffic farming. In this method, all vehicles that are used for field treatment drive 
on pre-defined lanes, which are part of the production area. Besides these lanes the rest of the field remains 
untraveled. The essential prerequisite for this approach is a compatible track width of all machines. The sec-
ond strategy considers a comprehensive driving profile avoiding multiple passing of the same area to prevent 
excessive burden of the same region. In the context of the project, this approach is implemented.

This paper gives an overview of an initial solution to tackle the planning problem in the project SmartBot. As 
an essential step to automate a sugar beet harvester a path tracker to follow the planned path is integrated.  

2 roS In agrIcultural applIcatIonS
In the last years the open source framework ROS has become a quasi-standard in robotics research. 

Not only for research projects in the field of agriculture like [Gi13] ROS is inserted, there also exist basic 
approaches for using ROS in industrial applications [inros]. Therefore, at a first glance, ROS is a reasonable 
framework of choice, as the goal of the SmartBot/AgroBot project is transferring robotic technology into the 
agricultural domain. However, this section treated some advantages and disadvantages of ROS for industrial 
use. These arguments might play a role for the decision of using ROS in industrial applications like the agri-
cultural domain. 

Particularly in arable farming there are several crucial differences to classical service robot laboratory condi-
tions. There are large distances between cooperating machines resulting in unstable communication, which is 
not available in ROS.

Beside this argument the following table considers several advantages and disadvantages of the framework for 
industrial use.
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Table 1: Advantages and disadvantages of ROS for industrial use

Conclusion

Using ROS is helpful for research projects to gain experience rapidly, test new algorithms and present results. 
Therefore, the framework is useful for rapid prototyping, in research projects as well as in industry.

In the SmartBot project, ROS is used to develop a prototype of an autonomous sugar beet harvester. Since we 
only consider a single machine the communication problem mentioned above is not relevant in this project 
but normally agricultural processes consist of multiple cooperating machines. However, we strongly endorse 
the paradigm of framework independent developing (as the ROS developers do themselves), that separates the 
functionality from the framework and therefore makes the functionality reusable in other frameworks (open 
source or industrial frameworks). 

3 autonomouS Sugar beet harveSter – SyStem overvIeW
The overall system of an autonomous sugar beet harvester is shown in Figure 1 and consists of a high-level 
planning system, a simulation, the sugar beet harvester and the interface between the components. 
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F  igure 1: System overview

This fi gure shows the system with the main components. It contains the data base with fi eld information, the high-level 
planning system based on ROS, the machine, the CAN-Bus interface and the simulation.  

The high-level planning system is based on ROS and includes the path planning, processing of sensor infor-
mation, such as GPS data or obstacle detection, obstacle avoidance and a control component. The control 
component writes commands from the high-level planning system to the CAN-Bus and reads information for 
the high-level planning system from the CAN-Bus. All commands from the high-level planning system (e.g. 
velocity and steering commands for the machine) are transmitted in real-time. The same is valid for all infor-
mation about the actual machine status during the process (e.g. the fi ll level of the bunker or the position of the 
lifter). For test scenarios, without the real sugar beet harvester, the simulation and visualization environments 
integrated in ROS are used. While the implementation of the high-level planning system and the simulation 
is done by DFKI, Grimme takes care of implementing the interface to the high-level planning system on the 
machine. In order to implement steering and cruise control, Grimme uses a Bridge-ECU in combination with 
a CAN-Bus. 

3.1 Path planning
The core of the high-level planning system is the path planning component. This component contains the cal-
culation of the high-level driving strategy and a local path planning. The high-level driving strategy defi nes 
the order of the rows harvested in the process. The local path planning generates a feasible path to the targets 
provided by the high-level driving strategy. The path planning component uses a representation of the environ-
ment, based on which it generates the driving strategy and calculates a feasible path in the headland and back 
to the storage clamp. Although the path planning can be used for GPS-based driving in the rows, it is more 
appropriate to use a reactive system for row detection and driving. In the headland and the way to the storage 
clamp inaccuracy caused by GPS is not as critical as in the rows. Therefore the path planning focused on the 
headland drive and the transport of the crops to the storage clamp.  In order to perform these tasks, several 
planning steps shown in Figure 2 must be traversed.

Fi  gure 2: Path planning steps
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Field information and the directed graph did not change during the process. Therefore this part can be pre-processed. In-
sert the driven path in the costmap can only be realised when the current position of the machine is known. Inscriptions in 
the costmap and the search of a local path, based on this map are reactive parts of the process. The driving strategy, which 
generates the initial path, is pre-processed, but need to be adapted if there is a high variation from the plan.

Field information such as position of the storage clamp, field boundaries, and lanes are required as input as 
well as bunker volume and harvesting width. The field boundaries, the lanes and the position of the storage 
clamp are geo-referenced and transferred as shape or kml file. For further processing, the WGS84 positions 
are projected into the Cartesian coordinate system, using UTM-projection. The inner boundaries are calculated 
in dependence of the field boundary and the width of the headland, which is about 21.60 meters. All data are 
stored for further processing. Figure 3 a) shows a test field calculated by field information. 

Figure 3: Field information and graph

Figure a) shows the used field information in the planning problem, b) displays the resulting graph, c) shows the connec-
tion between the headland and the storage clamp, d) illustrates the connection between the headland lane and the inner 
field lanes.  

Based on the data, a directed graph is formed as the search space (see Figure 3 b, c, d)). In this graph, an initial 
path is searched that specifies the processing order of the individual lanes and the returns to the storage clamp 
when the bunker must be emptied. To each vertex and each edge in the graph properties are stored which are 
used for the searching process (see Table 2). 
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Tab  le 2: Vertex and edge properties

vertex properties edge properties
type

headland, storage clamp or lane vertex

lane index

0 is always a vertex in the headland lane, 1...n are 
vertices on the lanes, where n is the number of 
lanes

point

location of the vertex in projected coordinate

distance

Euclidean distance between the two vertices which 
form the edge

number passed

indicates how often an edge is selected

harvest

the amount of the crop

free

shows whether a track has been harvested or not
Different graph-based search algorithms with the optimization goal to minimize the cost can be used to fi nd an 
initial path. To tackle the problem of multiple passing it is not suffi cient to use a cost function for the search 
which only takes the distance to the target into account. Hence, the edge property “number passed” has to be 
part of the cost function. For each edge that is part of an initial path, this attribute is increased.

The initial path is already a fi rst solution to the coverage path planning problem, but this path does not consider 
the kinematics of the machine. To ensure that the sugar beet harvester is also able to leave the planned path, the 
Search-Based Planning Library (SBPL) [sbpl] by Maxim Likhachev is used in a further planning step. Based 
on the initial path and a 2d costmap the environment, as search space for SBPL, is initialized by using a rolling 
window over the initial path. With a pre-defi ned set of motion primitives, SBPL calculates a feasible path with 
minimum costs by translating and concatenating the motion primitives. After the machine has driven the path, 
the passed area is entered into the costmap by increasing the cost on these parts. Figure 4 shows the principle. 

F igure 4: Registration of the path in the costmap
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If a machine has to travel the same initial path again, SBPL tries to find a local path with minimal costs. In 
effect, already passed areas are avoided when there is a cheaper feasible path.  

3.2 Machine control
To transform the planned path into steering commands for the real machine, a simple path tracker is integrated. 
Therefore this section describes the machine control with a focus on a path tracking, which fulfilled the actual 
requirement in the project. The existing path follower in ROS is not applicable since the time delay needed for 
a certain curvature modification is not considered. Since this time is relatively high comparing a big machine 
like a sugar beet harvester with a small robot, a velocity depending look ahead and a PID controller is needed. 
Therefore a variant of the “follow the carrot” path tracker was developed that additionally analyses if the fort-
hcoming curvature of the path is reachable. 

After the path planning has found a path, it is passed to the path-following module. Based on the path and the 
current robot position, which is transmitted by a GPS-RTK sensor, the component calculates the velocity and 
curvature commands using a PID controller. To determine the allowed curvature values, a weighted track error 
and a weighted heading error is detected (see Figure 5).

Figure 5: track and heading error

The path following distinguishes four states: 

•	 Speedup

If the maximum speed is not reached, the target is further away, and the deviation from path is accept-
able, then the machine will accelerate. 

•	 Normal

If the speed and the deviation are fine, then use the steering commands of the PID controller. 

•	 Near goal

To determine the time at which the machine has to decelerate before the target is reached, the braking 
value is calculated and compared with the distance to goal. 

•	 Curvature too large

If the curvature command is greater than allowed, the maximum possible value is set and the speed is 
reduced.

To treat large sensor noise of the GPS sensor, a plausibility check based on the distance travelled between the 
current and the next position is used. 

In the already mentioned velocity depending look ahead, the forthcoming path is analysed for high curvature 
differences. Therefore the curvature value of each waypoint that is on the path segment is calculated. With the 
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distance from the machine to the waypoint and the current velocity the time to reach the waypoint is computed. 
If it is not possible to reach the waypoint in the calculated time because the curvature difference is too high, 
the velocity is reduced. Figure 6 a) shows a test path that was followed without forward looking b) and with 
forward looking c). It is apparent that the deviation to the path is smaller if look ahead driving is used. 

 

Figure 6: Path following without b) and with c) look ahead

The path following module sends the calculated velocity and curvature commands to the controller which is 
the interface between CAN-Bus and planning system. 

4 concluSIonS and outlook
This paper presents preliminary results of the project SmartBot. It shows an overall system for an autonomous 
sugar beet harvester. The core of the system is the high-level planning system, which based on ROS. As main 
part of the high-level planning system, the paper presents a path planner concept, which takes the driven path 
for the next planning step into account and avoids multiple passing of the same area. Another part of the paper 
discusses the advantages and the disadvantages of using ROS in industrial applications. Moreover, a machine 
control based on a PID controller and look ahead driving is presented. 

During the SmartBot project the work on the path planning component as well as on the machine control will 
go on. A further step will be the planned integration of the obstacle avoidance on the sugar beet harvester as 
well as the integration of row detection and driving, which is done by the project partner Hochschule Os-
nabrück into the high-level planning system.
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Simulation Based Algorithms for Livestock Robots

Markus Robert1, Prof. Dr.-Ing. Thorsten Lang1  
1Intitute of Mobile Machines and Commercial Vehicles, Technische Universität Braunschweig

abstract
Rising costs, increasing farm sizes and constant or even decreasing working capacity open up a wide field 
for automation solutions, especially in the field of dairy farming. Besides established technologies such as 
automatic milking systems or scraper robots also automatic feeding systems become more and more important. 
In order to test new sensor concepts and algorithms in an early state and a cost-effective way, simulations offer 
a high potential. As part of a project founded by the German Federal Ministry of Food and Agriculture, the 
Institute of Mobile Machines and Commerical Vehicles of the Technische Universität Braunschweig develops 
a new control system based on a simulation for a new generation of scraper robots and automated feeding 
robots in cooperation with two industrial companies and the Bavarian State Research Center for Agriculture. 
The Robot Operating System has been chosen for developing the simulation as well as for controlling the 
robots. 

Keywords
Livestock, Robots, ROS, Automation

1 IntroductIon
Automatic milking systems have established themselves on the market as state-of-the-art and are used today 
by thousands of farms all over the world. Also barn cleaning is being more and more automated to reduce the 
human workload. A frequently performed cleaning leads to less NH3- emissions, reduced smell and potentially 
improved hoof health. Most of these automated barn cleaning systems are stationary installed. Usually a scraper 
blade is pulled along a fixed axis using a steel cable, to push the manure into a gap at the end of the walkway. 
The pushing power is just limited by its mechanical components and the engine, so a lot of manure can be 
moved in just a single run. Unfortunately the cows have to step over and over the moving pusher elements. In 
contrast to these stationary systems also mobile cleaning robots are available on the market that can also clean 
passages and places hard to reach. The robots follow programmed routes using odometers, inertial sensors, 
ultrasonic transceivers or tactile sensors for orientation. Start and end of the route is often a battery-charging 
station. A front mounted dozer-blade is used to push the manure through the slatted floors.

Beside the cleaning process also feeding offers a high potential for automation. Today the feeding process is 
done manually, e.g. using a self-propelled feeding waggon. The different forage components are loaded into 
the waggon, mixed, and finally deployed along the feed table. 
Most of todays automated feeding systems use a rail construction, mounted at the ceiling of the barn, to guide 
a transport unit, filled with forage, along the table. Beside this also mobile robot systems are available, which 
use odometers, ultrasonic sensors, guide wires or RFID tags for orientation, just like the barn cleaning robots. 
At fixed intervals the forage is loaded out of a container, mixed, and placed at the feeding fence. Additional 
mechanical devices at the robots’ front push the forage periodically back towards the feeding fence.

To reduce the research and development expenses for future robots with its new functions, simulations can 
be used. The goal is to simulate new sensor concepts and control algorithms in a three dimensional virtual 
environment and to test their proper function. Due to external test disturbances the vehicle behaviour can be 
easily checked in exceptional situations.
As part of a project funded by the German Federal Office for Agriculture and Food with two industrial partners 
and two research institutes the TU Braunschweig has to develop a new concept for the control of a cleaning 
robot as well as an automated feeding robot. The vehicles shall not only move along predetermined routes, but 
also drive freely within defined areas in the barn or on the farmyard. For this the accurate knowledge of the 
robots ego position and the environment is essential. Furthermore most of the software control functions shall 
be used for both vehicles.

 deceased
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Within the project the involved companies develop new vehicle concepts or expand their existing vehicles with 
new functionality. The task of the Bavarian State Research Center for Agriculture is project coordination as well 
as checking the influence of automatic feeding systems on forage quality, the animal-technology interaction as 
well as the correct robot operation.

Figure 1: Simulated barn

2 development
The Robot Operating System (ROS) has been chosen for developing the vehicle control. This Linux based 
open-source-framework provides basic functionality for data processing, like hardware abstraction layer, 
various types of hardware drivers or standardised message formats. Furthermore it controls the communication 
between software modules, written in C/C++ or Python. This so called “nodes” can subscribe for information 
from other nodes, or publish information themselves. The communication protocol between the nodes is based 
on TCP/IP. Due to this the information exchange between nodes is not only restricted to a single computer, 
but can be extended to several computers within a network or even over the internet. One advantage is that 
complex computing operations requiring a lot of computing power can easily be outsourced to high speed 
computers. Furthermore data can be checked via remote maintenance over the internet.
Besides ROS, an open source framework called GAZEBO is used as the simulation environment and is the 
second important element within the project. Virtual designed vehicles can be implemented in GAZEBO via 
XML data format. For this, the vehicles’ structure is split up into its movable elements. Finally these elements 
can be parameterized with its mass, its geometrical moment of inertia, the reflectiveness of the surface, the 
mechanical coefficients of friction and other coefficients. Via plugins, programmed in C/C+#, the vehicles 
can be equipped with virtual sensors and actuators. Finally the vehicles are placed within a virtual world 
with which they can interact. The GAZEBO simulation finally publishes information via ROS nodes, e.g. 
sensor information, and subscribes for information for controlling the robots’ actuators leading to a closed loop 
simulation.

A mobile barn cleaning robot manufactured by the company Prinzing has been build up as a simulation modell 
and placed in a virtual barn (Figure 1). Besides odometers and an inertial measurement unit the vehicle has 
been equipped with a time of flight camera, delivering a three dimensional picture of the robots’ environment. 
Based on this data and an existing digital map of the barn, the robots’ actual position can be estimated with a 
particle filter, the so called Monte Carlo Localization (MCL). At the beginning the robots position is unknown. 
The MCL tries to find all positions within the map, where the sensor data fits best to the map data. All these 
positions are marked with a probability of being correct. If the vehicles moves on and new sensor information 
arrive all non-plausible positions will be deleted, so only the position with the highest probability of being 
correct is left. One main advantage of this algorithm is that even in case of power loss or other errors leading to 
an unknown robots position, the actual position can be estimated very quickly. A manual return of the vehicle 
to the start of the route is not necessary anymore. Furthermore the vehicle does not have to follow a predefined 
path, but can drive directly to defined positions in the barn to clean. Detecting the pressure of the dozer shield 
as well as using camera information it is also possible to detect those areas in the barn that become soiled 
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quicker and need to be cleaned more often. So the system would be partially self-learning.

 
Figure 2: Simulated barn cleaning robot (left) and resulting 3D pointcloud (right)

A modern feeding wagon manufactured by the company HIRL has also been build up in the virtual environment 
(Figure 2). Besides odometers and an inertial measurement unit a horizontally arranged 2d laserscanner 
mounted at the top of the cabin is used for positioning. The laserscanner measures the distances to the nearby 
buildings, silos and other obstacles. Based on this information a 2d digital map of the farm is created within 
minutes using so called Simultaneous Localization and Mapping (SLAM) algorithms. Later on its possible 
to estimate the robots actual position using a particle filter, quite similar to the one used for the barn cleaning 
robot.
Compared to other localization systems for autonomous robots that rely on RFID tags or inductive wires in the 
ground, no additional infrastructure is required. Furthermore new routes can be computed, if a commonly used 
route is blocked by an obstacle, e.g. a parked car.

Figure 3: Simulation of a self-propelled feeding waggon

3 fIrSt reSultS
During the last weeks first test runs have been done with the feeding wagon at a test barn in Bavaria. After a 
map has been generated using the SLAM algorithm the system has been able to estimate its position using the 
particle filter. The position accuracy for the outdoor area has been ±10 cm, and even better inside a barn, which 
should be sufficient for this type of application.
During the tests new challenges showed up that still need to be solved. On a foggy day during the test period 
the laserscanner was not able to detect the nearby walls anymore, but the water particles of the fog. This led to 
a rising uncertainty of the estimated position.
Furthermore on a windy day the windbreaker nets of the barns have been lowered. Because of these new 
“walls” the digital map and the actual laserscanner data were not consistent any more. If these nets have not 
been taken into account while creating the map, the accuracy of the positioning solution gets worse. Also the 
tilting of the vehicle and the mounted laserscanner due to an inclined floor leads to a decreasing accuracy of 
the position.
Some of these challenges have already been solved, e.g. by using a fog, rain and snow proof laserscanner. To 
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increase the localization accuracy, especially in a complex world scenario with moving elements, additional 
reflecting stripes can be mounted at the inside and outside of buildings. The scanner detects these stripes 
because of the high amount of reflected light. The precise positions of theses stripes are also saved in the digital 
map so the position accuracy can be increased significantly.

4 concluSIonS
The paper describes the background of the research project, the used software framework and the simulation 
environment. Furthermore some information is given about the used sensor concept and the algorithms for 
localization. The first results, especially for the feeding waggon, where quite good but there are still some 
technical challenges to solve to increase the systems reliability.
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abstract
Off-road mobile robotics arouses interest in many fields of application such as agriculture or surveillance 
where the need for several robots collaborating to cover an area is real. In this paper, the investigation carried 
out is the decentralized control of a formation of several wheeled mobile robots traveling along a path. The 
trajectory to follow is known, computed off-line or learned (beforehand or on-line from a manually-driven 
leader), and set as reference for the control of the formation. 

From an extended kinematic model of a robot, exact transformations permit to obtain a laterally and longitu-
dinally decoupled model accounting for the bad grip conditions. Hence, the control of the steering angle and 
the velocity of the robot are derived separately, in order to ensure the desired formation shape. Indeed, the 
formation shape is defined by the lateral desired offset of each robot to the path and the longitudinal desired 
distances between a robot and its follower alongside the path (known as curvilinear distances). As the control 
of the lateral distance to the reference trajectory has been previously studied, the focus is particularly set in 
this paper on the control of the velocity of the robots to regulate the longitudinal distances between robots. It is 
based on an adaptive model to account for sliding by feeding the extended kinematic model, and a predictive 
control algorithm to anticipate for the velocity actuators delays. Experimental tests are driven to demonstrate 
the capabilities of the proposed approach.

Keywords
Mobile Robotics, Formation control algorithms, Off-road path tracking

1 IntroductIon
The development of robotics, its impact in the industrial process together with our daily life increases the de-
mands for new solutions in various fields of applications. In particular, the interest for transportation applica-
tions in mobile robotics is important. Indeed, the control of wheeled mobile robots has been widely studied, 
from one single robot [4, 7] up to swarm robotics [2, 13]. For transportation, the coordination of several robots 
permits to achieve successive tasks and automatic collaborating maneuvers. Numerous researches about the 
control of a fleet of robots have been carried out [1, 5, 8, 9], particularly in the framework of automatic driving 
applications [15]. The cooperation of multiple robots has many applications in off-road context to cover large 
areas such as in surveillance, exploration, with an optimization of the resources. Agriculture may also benefit 
from the advances in the collaborative robotics for farming, such as stated in [3] as it will permit to use lighter 
machines and be more adaptable to realize the desired field operations. The main goal then lies in increasing 
levels of production while reducing the impact on environment.

The framework of this paper is the control of several mobile robots evolving in off-road conditions in order to 
realize a coordinated path tracking while keeping a formation shape (not necessarily fixed). The path to follow 
is here considered as fully known, computed off-line or learned (beforehand or on-line from a manually-driven 
leader), and will serve as a reference for the relative positioning of the robots in the fleet. Indeed, the robots are 
modeled as bicycles and referenced in the Frénet‘s frame, as it is classically done in path tracking applications. 
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However, the models used for classical on-road applications cannot be applied as is. It is indeed necessary to 
account for the off-road context, terrain irregularities and soil properties creating sliding. This problem is here 
addressed by defining sideslip angles reflecting the skidding of the wheels. They are added in the classical 
kinematic model, keeping its properties: as demonstrated in [14], it can be transformed into a linear chained-
form system through exact non-linear transformations. Therefore, the lateral and longitudinal control can be 
derived independently. The lateral control has been previously studied in [6, 11] so this paper is focused on the 
regulation of the longitudinal distances between robots among the fleet. An adaptive control law is built, which 
is shown to account satisfactorily for sliding. However, the neglected physical properties of the robots create 
transient positioning errors which can be hazardous for the safety and integrity of the formation. A predictive 
overlay is then defined, based on the Model Predictive Control techniques introduced in [12], to compensate 
for the low-level delays. This constitutes the main contribution of the paper. It consists of an estimation of the 
future positioning of the robots after a prediction horizon, and therefore the future errors are anticipated and 
reduced by modeling the robots’ responses to the controls.

The organization of this paper is as follows. In a first section, the model of the formation is specified, with 
the definition of the distances between robots to describe the formation shape and the kinematic model of one 
robot, with sliding included. The sideslip angles are then estimated on-line using an observer. In a second part, 
the control laws are built; first the lateral control law is recalled from [6, 11], the adaptive longitudinal control 
law is then established before defining the predictive control. Lastly, in a third section, the performances of the 
proposed formation control algorithm are investigated in off-road experiments using full-scale mobile robots.

2 formatIon modelIng

2.1 Formation definition
The objective of the control is to track a path while maintaining a desired formation shape. The trajectory Γ is 
considered as fully known; it can be defined off-line by a set of GPS points, recorded beforehand during a ref-
erence tracking, or built on-line by the manually driven leader robot. It is therefore used as a common reference 
for the positioning of the robots. Indeed, each robot i is positioned by the distance yi of the robot to the closest 
point of the trajectory, and the curvilinear position si of this point (defined as the distance traveled on the path). 
The desired formation shape is defined by the lateral desired distances yi

des of each robot i to the trajectory and 
the longitudinal desired distance di

des to a previous reference robot alongside the trajectory, called curvilinear 
interdistance. Figure 1 illustrates such a formation definition, using the previous robot as the reference robot 
for the definition of the desired interdistances.

Figure 1: Positioning of a robot in the formation

The formation configuration described thanks to these desired deviations yi
des and di

des is potentially variable 
and rely on other robots positions.
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2.2 Robot model
The control inputs of the robot i are its velocity vi and its front steering angle δi

F, which are used to regulate the 
position of the point located at the center of the rear axle. To describe the evolution of the robot behavior, the 
robot is modeled as a bicycle according to the Ackermann model with a wheel at the center of the front axle 
and a wheel at the center of the rear one. To reflect the off-road conditions encountered here and generating 
skid, 2 sideslip angles (βi

F, βi
R) are added, defined as the difference between the tire orientation and the actual 

velocity direction of each wheel.

Figure 2: Bicycle model with sliding included

The notations used in Figure 2 and in the sequel are listed hereafter:

• R is the center of the robot rear axle. It is the point to be controlled for each robot.

• F is the center of the robot front axle.

• L is the robot wheelbase.

• s is the curvilinear coordinate (called abscissa) of the closest point from R belonging to Γ. It cor-
responds to the distance covered along Γ by the robot.

• c(s) denotes the curvature of path Γ at the abscissa s (positive when the instantaneous center of 
rotation is located on the right of the path).

• y is the lateral deviation of the robot with respect to Γ (positive on the right of the path).

•  denotes the angular deviation of the robot to the tangent to Γ at the abscissa s.

• δF is the robot front wheel steering angle.

• v is the linear velocity of the robot at point R.

• βF is the front sideslip angle.

• βR is the rear sideslip angle.

With this model and notations, the motion of the ith robot follows the kinematic equations (for more details, 
see [11]):

    (1)
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2.3 Sideslip angles estimation
In the extended kinematic model (1), the relative position  and orientation , the velocity  and the steering angle  
of the robot are considered as measurable by classical sensors. As the trajectory is known, the curvature of 
the path  can also be easily derived. But the sideslip angles  are hardly measurable with simple sensors so an 
indirect estimation is addressed. An observer-based approach is built, based on the duality between observation 
and control as illustrated in Figure 3.

Figure 3: Principle of the observer

It is assumed that the discrepancies between the model and the process come exclusively from the skidding. 
As a result, from the difference between the model outputs  and the measures , the estimated sideslip angles 
are adapted and converge to the real ones. The observer and the proofs of its convergence are detailed in [6]. 
Finally, the extended kinematic model (1) is adapted with the estimated value of the sideslip angles .

3 control of the fleet

3.1 Lateral control
The objective of the lateral regulation is to maintain the lateral distance to the path of each robot to its desired 
distance ydes by controlling the steering angle δ value. Let us denote εi

y = yi - yi
des the lateral error of the robot 

i. From the extended kinematic model (1) and by the mean of non-linear transformations, a chained system 
can be obtained and, by imposing a second-order convergence, the control law for the steering angle can be 
derived:

  (2)

with  .

 are parameters defining the dynamic of convergence of the lateral position to the desired one. Details of the 
obtaining process of the decoupled system and of the adaptive control law can be found in [10].

3.2 Longitudinal control
On the longitudinal side, the robot i has to maintain a desired curvilinear distance di

des to a reference robot. 
The choice of the reference robot will affect the behavior of the formation. It can be chosen as the first robot 
(leader) of the fleet, which ensures a good stability of the formation shape. However, in that case, the position 
of the closest robot to the considered one is not taken into account, which can lead to security issues. Therefore, 
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another strategy chosen hereafter is to define the previous robot i-1 as the reference.

3.2.1 Reactive approach
 Let us define εi the longitudinal error as . The derivation of the error gives: , where the desired interdistance  
is given by the formation shape so its evolution  is also known. From the extended kinematic model (1) and by 
imposing an exponential convergence of the error to zero  , the control law for the velocity of the robot i can 
be deduced:

  (3)

This adaptive control law accounts for the sliding and permits to compensate for it, but the physical properties 
of the robots are not taken into account. Indeed, the actuators have a non-null settling time, which creates a 
delay between the sending of the control and the actual response of the low-level. As a result, transient posi-
tioning errors may be observed. To reduce these overshoots and compensate for the dynamic of the actuators, 
a prediction module is added.

3.2.2 Predictive approach
The predictive overlay aims to compensate for the low-level. The first step is then to identify the dynamic of 
the actuators. The actuators response to a step input is recorded and modeled as a second-order process, which 
can be described with the following discrete-state equations:

  (4)

with  

where vR is the real velocity and vC the control velocity. The parameters a1, a2, b1, b2 describe the behavior of 
the second-order and are specific to each robot in the fleet.

The prediction process aims to reach an objective at a so-called prediction time th. In the present case, this ob-
jective is that vi

R reaches the value supplied by (3) after a horizon th, chosen as the settling time of the model (4). 

Given the current states of robots i and i-1, their future positions can be extrapolated as:

   (5)

The future interdistance error is then deduced: , knowing the future desired distance. As the trajectory to track 
is also fully known, the curvature of the path at the future curvilinear positions  is also accessible. On the other 
hand, the lateral errors y, the angular deviations  and the sideslip angles β cannot be anticipated, but can be 
considered as constant along the prediction horizon without significant error.  Finally, the actual velocity of the 
robot i-1 after the prediction time is required to compute the objective velocity; it is approached as the control 
sent to the actuators at the current time t. As a result, the velocity objective is: 

  (6)

The second step consists in choosing a desired behavior to reach vi
obj from vi

R after the prediction time in nH 
steps, such as:
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  (7)

The parameter λ controls the convergence speed to the objective.

A criterion C is defined as the difference between the desired velocities  and the estimated velocities (derived 
from the actuator model (4)).

  (8)

The prediction process minimizes the criterion by finding the optimal sequence of controls  whose outputs of 
the low-level model  are the closest to the reference behavior at each coincidence point. Ultimately, the first 
control  of the sequence is applied to the robot.

4 eXperImental reSultS
To validate the relevance of the proposed algorithm, experiments were conducted in off-road conditions using 
the two robots depicted in Figure 4, where the leader robot is on the right of the picture and the follower is on 
the left. Their main characteristics are described in Table 1.

Figure 4: Experimental platforms

The two platforms are four independently-driven wheeled robots, actuated by electrical motors and fitted with 
a RTK-GPS receiver providing a 2 cm accuracy position and a Wi-Fi module for communication between 
robots.

Table 1: Robots parameters
robot leader Follower
Mass 420 kg 620 kg
Wheelbase 1.2 m 1.2 m
Max. speed 8 m.s-1 4 m.s-1

The path to follow is presented in black line in Figure 5 and is on a flat grass-covered soil, with two crossings 
of a shelly sand path. 
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Figure 5: reference and robots trajectories

The leader robot is tuned to be on the trajectory (i.e. y1
des = 0 m) and its velocity is imposed. On the first third of 

the trajectory (till curvilinear distance s = 33 m), the leader velocity is constant at 2 m/s, then at 1.5 m/s from 
33 to 65 m, before being back to 2 m/s on the last part. The follower’s desired position is at a lateral distance 
to the path of 2 m, and at a longitudinal distance to the leader of 9 m. The actual trajectories achieved by the 
robots are also provided in Figure 5, in red for the leader and in blue for the follower. The positioning errors 
are presented in Figure 6 for the lateral errors and in Figure 7 for the longitudinal errors. On the lateral side, the 
error reaches and is maintained at zero, and the desired distance (0 for the leader, 2m for the follower) does not 
alter the quality of the tracking.  After the initial -convergence to the objective- phase, the servoing is ensured 
with an accuracy of 0.2 m.

Figure 6: lateral errors of the robots

From the longitudinal point of view, the path tracking has been realized once using only the adaptive algorithm 
(presented in 3.2.1), and then using the complete algorithm with the predictive overlay proposed in 3.2.2 with 
a prediction time of 1.5 s.
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Figure 7: longitudinal errors of the path tracking

The errors to the desired distance of 9 m with the adaptive algorithm are shown in green. It can be noticed 
that the interdistance error converges to zero in the straight line as in the curve, which means that the adaptive 
algorithm properly accounts for the sliding. Nevertheless, during transient phase, i.e. when the interdistance 
error is important and the velocity changes sharply, overshoots in the interdistance appear before coming back 
to the desired distance. These overshoots, visible at the beginning of the tracking and at the changes of refer-
ence velocity (s=33 m and s=65 m), go up to 1.5 m and are dangerous for potential applications as it can lead 
to collisions between robots. They are due to the low-level dynamics and validate the need to account for this 
response delay via a predictive overlay. Indeed, with the adaptive and predictive algorithm, in blue in Figure 
7, the follower reaches the desired interdistance without overshoot, and the quality of the servoing is no longer 
altered by the velocity changes of the leader. This is reflected in Table 2 where the standard deviations of the 
errors is divided by three, to reach less than 0.2m with the predictive algorithm, with a null mean error.

Table 2: Properties of the longitudinal servoing
Adaptive

algorithm
Adapt. and pred. 

algorithm

Mean error -8.0 cm 0.2 cm
Std 44.7 cm 16.6 cm

In the experiments conducted, some communication losses have been experienced from the leader to the fol-
lower robot (labeled ‘WiFi loss’ in Figure 7). As these losses remained limited in time, when the communica-
tion is restored, the follower catches up its distance error; but in case of longer communication interruption, 
the follower robot is stopped for safety reasons.

Overall, the good accuracy results obtained are interesting as the experiments conducted here reflect the oper-
ating conditions in the agricultural applications, with bad (grassy field) and variable (crossings of a path) grip 
conditions, with straight lines and curved path and with different desired deviations (and possible changes in 
formation configuration, which results in velocity changes as imposed in the experiment).

Moreover, to consider the application in larger fleets, if the overshoots in the adaptive control law prevent it 
from using with the reference to the immediate preceding robot (as the errors would be accumulated and ampli-
fied, leading to an oscillating behavior), the performances of the servoing with the predictive algorithm permit 
to consider using the “reference to the previous robot” strategy with a good stability for all robots (no error 
propagation) while keeping a good adaptability and reactivity to potential failures.
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5 concluSIon
In this paper, the control of a formation of mobile robots is addressed, in an off-road path tracking framework. 
The trajectory to follow is assumed to be known, or on-line designed by a first vehicle. The formation shape 
is defined with respect to both the trajectory and the other robots of the formation. An adaptive control law is 
proposed to account for the non-negligible skidding. Experiments show that it permits to converge to the de-
sired distances (both lateral and longitudinal) in a formation. However, the longitudinal regulation is subjected 
to important overshoots when a quick change of velocity is needed to keep the interdistance. Therefore, a pre-
dictive overlay is considered. The positions of the robots are extrapolated (assuming constant sideslip angles, 
angular and lateral deviations) at some prediction horizon, from which the future desired velocity is deduced. 
The low-level behavior is identified and modeled, and the optimal sequence of controls leading to the desired 
velocity after the prediction time is derived from classical MPC techniques.

Full-scale experiments were conducted in off-road conditions using two robots equipped with RTK-GPS for 
positioning and WLAN communication device. Results show that the proposed control algorithms permit to 
reduce the tracking errors down to 0.15 cm for the longitudinal servoing.

These control algorithms have been kept generic enough to handle variable formation shapes (non-constant 
desired distances) and it has now to be experimentally confirmed. In addition, when working with a platoon 
of autonomous vehicles, the safety distances for the robots not to collide need to be evaluated and respected. 
When a collision risk is identified, supervision algorithms will be needed to prioritize the tasks and possibly 
elaborate alternate/safer trajectories.

ACKNOWLEDGEMENTS
This work has been sponsored by the French government research program Investissements d’avenir through 
the RobotEx Equipment of Excellence (ANR-10-EQPX-44) and the IMobS3 Laboratory of Excellence (ANR-
10-LABX-16-01), by the European Union through the program Regional competitiveness and employment 
2007-2013 (ERDF Auvergne region), by the Auvergne region and by French Institute for Advanced Mechan-
ics.

rEFErEnCEs

[1] Balch, t., and arKin, r. Behavior-based formation control for multirobot teams. IEEE Transactions 
on Robotics and Automation 14, 6 (1998), 926 –939.

[2] Barca, J. c., SeKercioGlu, a., and Ford, a. Controlling formations of robots with graph theory. In 
Intelligent Autonomous Systems 12. Springer, 2013, pp. 563–574.

[3] BlacKmore, S., Stout, B., WanG, m., and runov, B. Robotic agriculture - the future of agricultural 
mechanisation? 5th European Conference on Precision Agriculture (ECPA), Upsala (Sweden) (2005).

[4] camPion, G., BaStin, G., and d’andrea-novel, B. Structural properties and classification of kinematic 
and dynamic models of wheeled mobile robots. IEEE Transactions on Robotics and Automation 12, 1 (1996), 
47 –62.

[5] cao, y., FuKunaGa, a., and KahnG, a. Cooperative mobile robotics: Antecedents and directions. Au-
tonomous Robots 4 (1997), 7–27.

[6] cariou, c., lenain, r., thuilot, B., and Berducat, m. Automatic guidance of a four-wheel-steering 
mobile robot for accurate field operations. Journal of Field Robotics 26, 6-7 (2009), 504–518.

[7] de luca, a., oriolo, G., and vendittelli, m. Control of wheeled mobile robots: An experimental 
overview. Ramsete (2001), 181–226.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



127

[8] deSai, J., oStroWSKi, J., and Kumar, v. Controlling formations of multiple mobile robots. In IEEE 
International Conference on Robotics and Automation (1998), vol. 4, pp. 2864 –2869.

[9] Fax, J., and murray, r. Information flow and cooperative control of vehicle formations. IEEE Trans-
actions on Automatic Control 49, 9 (2004), 1465 – 1476.

[10] lenain, r., Preynat, J., thuilot, B., avanzini, P., and martinet, P. Adaptive formation control of a 
fleet of mobile robots: Application to autonomous field operations. In IEEE International Conference on Ro-
botics and Automation (ICRA) (2010), pp. 1241 –1246.

[11] lenain, r., thuilot, B., cariou, c., and martinet, P. High accuracy path tracking for vehicles in pres-
ence of sliding: Application to farm vehicle automatic guidance for agricultural tasks. Autonomous Robots 21 
(2006), 79–97.

[12] richalet, J., rault, a., teStud, J., and PaPon, J. Model predictive heuristic control: Applications to 
industrial processes. Automatica 14, 5 (1978), 413 – 428.

[13] Sahin, e. Swarm robotics: from sources of inspiration to domains of application. Swarm Robotics, 
Proceedings of the SAB 2004 International Workshop, Lecture Notes in Computer Science (2004).

[14] SamSon, c. Control of chained systems application to path following and time-varying point-stabiliza-
tion of mobile robots. IEEE Transactions on Automatic Control 40, 1 (1995), 64 –77.

[15] varaiya, P. Smart cars on smart roads: problems of control. IEEE Transactions on Automatic Control 
38, 2 (1993), 195–207.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



128

Ice Mole as Platform for local Positioning without external 
reference - Navigation System of an ice research probe

Sabine Macht1, Benedikt von Wulfen1, Ulf Bestmann1, 
Herbert Niedermeier2, Gerald Ameres2 

1 Institute of Flight Guidance, TU Braunschweig
2 Institute of Space Technology and Space Application

 Universität der Bundeswehr München

abstract
Main target of the project “Enceladus Explorer” is an automatic (semi-automatic) navigating probe to get 
samples of long isolated, probably life-containing water.
This probe is designed as a long tube with a heated ice screw at the front, and additional heated plates at the 
side and front panels. Due to the screw and the side heating the probe called “IceMole” is able to move in 
different directions, probably even upwards. Combined with a reliable navigation system and an ultrasonic 
environment analysis the IceMole will find its way to the sub glacial water reservoirs of Arctic, Antarctic and 
extraterrestrial glaciers. 
The navigation system for the IceMole control relies on a tactical Inertial Measurement Unit and a high-
precision scientific magnetometer, which will be coupled with specific IceMole data to a Dead Reckoning 
System for local positioning. 
This paper’s subjects are the navigation algorithms for the magnetometer measurements. 

Keywords
Dead Reckoning, AHRS; Magnetic Measurements, Magnetic Errors, 

1 IntroductIon
Coupling of different sensors to calculate position and velocity of moving vessels is common in navigation 
techniques. However, navigation with low-cost and small format sensors is a challenge, especially if individual 
sensor techniques as GPS are not available. Similar to submarines navigation in ice no external sensors or 
references are available. 
In the project “Enceladus Explorer” an automatic (semi-automatic) navigating probe is developed and tested. 
Based on different sensors a dead reckoning is implemented. These algorithms are used to provide a base 
to determine a trajectory for e.g. best use of energy or least distance towards the desired target. Navigating 
the probe will rely mainly on this dead reckoning. An additional source of position information is given by 
a system with ultrasonic transmitters at known positions at the ice surface and receivers on the probe. The 
system will be aided by an ultrasonic environment analysis to find the path to sub glacial water reservoirs of 
Arctic, Antarctic and extraterrestrial glaciers. The main target of the probe is to get samples of long isolated, 
probably life-containing water.  These samples have been isolated from outer influences over centuries, maybe 
millenniums by a large cover of ice. Winning a sample will lead to a look on long lost life on earth.
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Figure 1: Design of the Ice Mole

For navigation, attitude is determined using inertial sensors and an Attitude and Heading Reference System 
(AHRS). The AHRS represents one of the major sources of the navigation system. Inertial navigation propagates 
an initial position, velocity and attitude state vector by integration of measured rotation rates and accelerations. 
The second source for the navigation system is a differential magnetometer. Last not least, the ice-screw used 
by the IceMole to pull itself forward through melting ice, is equipped with an odometer to estimate the distance 
melted forward and by this to stand as third source. Combining these complementary sensors results in a stable 
and precise Dead-Reckoning solution. 
The rover navigation unit contains the IMU, the magnetometer and a small sized ARM processing board with 
floating point unit. The precise position of the compartment is shown in Figure 1. The ice-screw is placed 
directly in the head of the rover. The full unit will be usable in industrial temperature range. It has not to be 
additionally isolated. Protection against scratching is provided by the housing of the rover. The magnetic 
sensor has not to be protected against high magnetic fields. The magnetic field of the IceMole itself will be 
determined and calibrated to ensure precise navigation. 

2 concluSIonS
In this paper, development of a navigation system based on IMU and magnetic measurements is described. 
Navigation and positioning is based on a dead reckoning algorithm, which uses magnetic measurements, an 
Attitude and Heading Reference System (AHRS) from IMU data and vehicle data. 
Positioning will be aided by an ultrasonic pinger system. 
Key aspect of the work is the calibration and use of magnetic measurements. 

3 Imu meaSurementS
The initial alignment of the IMU with respect to the navigation frame is a crucial step in the AHRS process 
chain. On the other hand, the duration of the alignment cannot be extended without time limits, since operational 
aspects demand short preparation and pre-run times. 
Alignment is performed by measurements of the Earth rotation rate and the gravity vector. The Earth rotation 
rate has a very low magnitude of only around 7.29*10-5 rad/s, and is represented in the measurements of 
three gyroscopes according to the actual attitude of the IMU. It is obvious that e.g. noise, quantization error 
and sensor biases are hampering correct measurements and alignment.  Hence, the noise influence on the 
measurements and integration times for noise reduction will be in the focus of the project. Additionally, the 
architecture of the filter algorithms for attitude and bias estimation will be evaluated.
The opposite holds for the gyroscope measurements. Even the smallest sensor biases are integrated and will 
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produce growing attitude errors. Hence further improvements of the estimated orientation are necessary. The 
basic idea behind the proposed new filter concept is the idea that this improvement does not necessarily have 
to happen at the beginning of the test run. The IceMole is a very slow rover. The position errors, which are 
induced by the erroneous attitude at the beginning of the run, are negligible. If the motion in one hour reaches 
only 1.1 m, the position error by an imprecise heading can only reach centimeter level.
The navigation system for the IceMole control relies on a tactical Inertial Measurement Unit and a high-
precision scientific magnetometer, which will be coupled with specific IceMole odometer data to a Dead 
Reckoning System for local positioning. Furthermore an ultrasonic pinger system will be used to update the 
local position calculated by IMU-Magnetometer-Coupling. 
During the navigation phase the calculation of the IceMole’s position will use the following data:

•	 Magnetic Measurements inside the Rover
•	 Magnetic reference on top of the ice
•	 AHRS data (attitude and alteration)
•	 position data from previous calculations
•	 forward movement data, e.g. rate of the ice screw

These data is synchronized based on the time information of the incoming data. A common SQL Database is 
used to store and distribute all IceMoles sensor data, as well as positioning results. 
In the calculation algorithm synchronized data is used. The DR-algorithm contains an error model for magnetic 
and sensor data, the IceMole’s state and the last position. The result of the calc-function is a preliminary 
position which will be updated by the acoustic pinger positioning system developed by Bergische Universität 
Wuppertal. 
The described approach is necessary hence usual techniques of measuring the drilling depth and speed aren’t 
available. In mining or borehole drilling the depth is calculated from a plumb. However, the IceMole probe is 
able to drive various trajectories, where it is impossible to calculate a “depth”. 

Figure 2 – Calculation model [3]
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Figure 3: Worlds Inclination [2]

4 magnetometer meaSurementS and correctIon
Magnetic measurements are flawed by magnetic materials inside the probe and the changing earth magnetic 
field. Hence, azimuth and inclination will be calculated for magnetic measurements. In addition to that, an error 
model of the sensor and the IceMole will be applied in the challenge to get a navigation attitude error below 1°. 
Test sites near the earth’s magnetic poles will cause large Magnetic Variation and Inclination in measurements. 
However, these effects as well as the magnetic diurnal variations are zeroed by using a magnetic reference 
station.
In addition to the earth magnetic induced errors the Ice Mole has its own magnetic error induced by various 
electronic devices and magnetic materials in the IceMoles structure. Disturbance model is often described as 
an ellipsoid. Magnitude of an ellipsoid is characterized by the eigenvectors and its center. Through various 
rotations of the IceMole in different space orientations it is possible to get a magnetic model of the IceMole. 

Figure 4: Least square fit of a squatter plot [1]

Result of the various rotations of a body is a scatterplot with one point for every measurement. This result 
can be fitted by an ellipsoid in a least-square algorithm. However, it is not possible to calculate(model) time 
variant parts of the disturbers inside the mole with this method. These parts of the magnetic disturbers will get 
an extra model. 
An ellipsoid can be described with the following formula

  3-1
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Correcting static parts with the ellipsoid model means to extend and shift the ellipsoid towards the point of 
origin. Afterwards the rotation matrices for all axes have to be determined. This is done by the Rodrigues 
formula:

  3‑2

where  destination vector,  origin vector, k axis of rotation, Θ angle of rotation. The Rodrigues formula 

gives a matrix for rotating vectors at the axis . 
The result of the rotation and shifting of the erroneous ellipsoid is a sphere, where the measurements are 
uniformly distributed. This leads to a compensation of static errors of the measurements. After error 
compensation only variable disturbers remain. 
Differential magnetic measurements from the rover magnetometer and the reference magnetometer ensure a 
compensation of local errors. Especially on Saturn’s moon Enceladus, which moves in Saturn’s magnetic field 
and has no magnetic field of its own, monitoring the magnetic field will be a main part of navigation. 
Rover and reference magnetometer are scientific flux gate sensors. Measuring range is 65,000 nT with a 
resolution of 7.75 pT at a maximum sampling rate of 100Hz. High resolution and a measuring range larger 
than the earth magnetic field promise the ability of navigation based on IMU and magnetometers. 

5 navIgatIon 
The navigation algorithms of the IceMole-probe are given in the following section. An overview of the Dead 
Reckoning is given in Figure 2. 
The Dead Reckoning algorithm will be calculated on the hardware of the IceMole. For calculating a position 
and a position update for the rover, a datum conversion for every in-data is implemented. 
The algorithm is divided in several sub-routines according to the mission phase of the rover. The initial 
alignment phase will be used to refine the IceMole’s magnetic model and to calculate the misalignment of the 
magnetic sensor. It is also used to set up the local navigation frame and coordinate system, as well as the local 
inclination. The difference between magnetic reference and rover magnetic field is recorded as written above. 
A reoccurring alignment during a scenario would improve the initially determined local inclination and by this 
would improve the navigation results. In case of the higher local gradients of the magnetic field, this can as 
well help to model the surrounding of the probe. 
Initial Orientation of the Mole is given by the alignment phase of the IMU. This alignment results are direction 
of true north and the initial attitude of the mole. 
Movement data relies on the turn rate and slope (lead) of the ice screw. This gives the speed along the x-axis of 
the mole. Movements in other directions shouldn’t appear, due to the narrow ice channel melted by the mole. 
Magnetic Measurements are three-axis values in a sensor or body-fixed coordinate system. The leveled 
reference magnetometer will always give z-values corresponding to the earth-fixed z-axis. The calculated 
angle between horizontal measured values and this z-value are regarded as local inclination, the angle between 
sensor y and x-axis as magnetic heading of the reference. Using the initial alignment of the IMU for true north 
and the actual magnetic heading of the mole gives the local variation and the misalignment of the reference 
magnetometer. 
Magnetic Heading of the Mole will be calculated by the angles of the mole in the magnetic field and rotated to 
the local navigation frame using variation and inclination afterwards. The Heading is used as support for the 
IMU heading in order to calculate position and attitude of the probe. 
Calculation of position and velocity is a full state Kalmanfilter with magnetic measurements, IMU measurements 
and screw rate for forward motion as measurement and the estimation of position and velocity as an output. The 
probe has a very slow motion of 0.2 ́ up to 1.2 m/h, which leads to a next-to-static scenario. This static scenario 
reveals large position errors of an unaided IMU. Especially the calculated heading is prone for developing 
large errors. 
After calibration of the IceMoles static magnetic influence the remaining measurement error is about 1% 
which leads to a remaining heading error of approx. 1°. 
Magnetic Heading is calculated as tan-1 of the horizontal elements of the magnetic vector by

if the magnetometer is leveled. 
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Figure 5: Comparison of variation in magnetic field over time and from disturbers [1]

To align data between IMU calculations and the magnetic measurements the magnetic values have to be 
transformed into an earth centered coordinate system. This is done by

Where  is the direction cosine matrix from the AHRS algorithm and index ro for rover measurements 
and the elevated index denoting the coordinate system. Executing a similar transformation on reference 
measurement vector yields the reference values in the geodetic reference. 

As given in Figure 5 the alterations over time are a lot larger than the errors from disturbers. Using the reference 
to get the variation over time, supposed the magnetic field of rover and reference is the same in total and angles 
and the reference is static, a corrected magnetic measurement can be used at the rover to assist AHRS.

Magnetic Model of inclination and deviation of earth magnetic field are quite approximate, especially near 
the magnetic poles. Using these values in a high precision navigation will lead to a large error. Therefore a 
magnetic reference e is used to eliminate temporally and modelling errors. However a precise model of the 
probes movements and magnetic errors is needed.

6 outlook
At this moment the magnetic heading is used to assist AHRS and Pinger positioning by calculating heading and 
pitch. These computations require the elements of the magnetic vector. 
However, the total intensity of earth magnetic field is also recorded. Having a reliable model of the Ice Moles 
moving and its magnetic disturbers it will be possible to detect sudden changes of the magnetic field. On the 
one hand these singularities in magnetic field may lead to a larger navigation error, on the other hand it will be 
possible to detect obstacles or crevasses around the mole. 
To get a stable model of the probe a huge amount of data is necessary. Interpreting this data is complex due 
to the fact for time synchronization the different sources. However, most data for testing and validating was 
collected at two field test campaigns which took place at Morteratsch Glacier, Switzerland and Commonwealth 
Glacier, East Antarctica in 2013. 
As soon as a validated movement model of the probe exists, we will try to test algorithms for environmental 
analysis. What is more, a real static reference will be a requirement to detect magnetic singularities inside the 
ice. 

Variations over Time Variations from disturbers
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abstract
For situations, where mapping is neither possible from high altitudes nor from the ground, we are developing 
an autonomous micro aerial vehicle able to fly at low altitudes in close vicinity of obstacles. This vehicle is 
based on a MikroKopterTM octocopter platform (maximum total weight: 5kg), and contains a dual frequency 
GPS board, an IMU, a compass, two stereo camera pairs with fisheye lenses, a rotating 3D laser scanner, 8 
ultrasound sensors, a real-time processing unit, and a compact PC for on-board ego-motion estimation and 
obstacle detection for autonomous navigation. A high-resolution camera is used for the actual mapping task, 
where the environment is reconstructed in three dimensions from images, using a highly accurate bundle 
adjustment. In this contribution, we describe the sensor system setup and present results from the evaluation of 
several aspects of the different subsystems as well as initial results from flight tests.

Keywords
Mobile Mapping, GPS, UAV, Inertial Sensors, Laserscanner, obstacle avoidance, stereo vision, trajectory 
estimation, motion planning 

1 IntroDuCtIon
Data acquisition from mobile platforms has become established in many communities, because of the possibility 
to cover wide areas. For mapping from above, unmanned aerial systems (UASs) have been developed in 
the past ten years (Everaerts 2008). In contrast to other mobile platforms, unmanned aerial vehicles (UAVs) 
have the advantage of being able to overfly inaccessible and also dangerous areas. Furthermore, they can 
get very close to objects to achieve high resolution measurements with low resolution sensors. Especially 
in the field of precision farming such as phenotyping or plant monitoring (Xiang et al. 2011), or in the fields 
of infrastructure inspection (Merz et al. 2011) and recording of archaeological sites (Eisenbeiss et al. 2005), 
UAVs are meanwhile often deployed. In most cases, UAVs collect object information via remote sensing, 
which means that the data is acquired without physical contact to the object. In the following, we will use the 
term MAV (Micro/Mini Aerial Vehicle) as it is often applied to for UAVs with a weight lower than 5kg. 
The goal of the research project Mapping on Demand is to develop a lightweight autonomously flying MAV 
that is able to identify and measure inaccessible three-dimensional objects using visual information. A major 
challenge within the project comes with the term ‘on demand’. Apart from the classical ‘mapping’ part, where 
3D information is extracted from aerial images, the MAV is intended to fly fully autonomous on the basis of a 
high-level user request, avoiding obstacles and processing mapping data in real-time including the extraction 
of semantic information (Loch-Dehbi et al 2013). Therefore a precise and robust direct georeferencing is 
necessary, not only for the real-time processing of the image data, but also for the autonomous navigation of 
the system.  

2 systEM DEsIGn anD sEnsor sEtuP
Within the project, we have developed two different micro aerial vehicles (MAV), focussing on different 
aspects of the project goals. In the future, the sensors and properties of the two systems will be combined in a 
single setup. One MAV (Figure 1, left, referred to as ‘IGGKopter’) is designed to focus on the development of 
precise real-time trajectory estimation, and delivers directly georeferenced high resolution images, which will 
be used later to reconstruct surfaces and objects of the environment. The other MAV (Figure 1, right, referred 
to as ‘AISKopter’) is designed to focus on the autonomous flying aspects of the project, including obstacle 
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detection, collision avoidance, and path planning. 

Fig ure 1: The two MAVs, as they are developed within the project. Left: IGGKopter. Right: AISKopter

Both MAVs are based on a MikroKopter OktoXL assembly kit of HiSystems GmbH, customized to address 
the specifi cations of the application. They both contain an onboard computer (Intel Core i7, 8GB RAM), based 
on an EPI-QM77 embedded PC board, providing suffi cient computing power for complex tasks, such as image 
processing. The computer is connected to a ground station via Wi-Fi. Another component, which is identical in 
both MAVs, is a system of two stereo camera pairs pointing forward and backward with a pitch angle of 45°. 
Each camera has a fi sheye lens providing a fi eld of view of about 185°. Sampled with a frequency of 10Hz, 
these stereo cameras contribute to trajectory estimation, as described in Sec. 3, and also provide information 
about objects and obstacles in the vicinity of the vehicle (see Sec. 4).  A major component on both MAVs is 
the direct georeferencing unit. This unit contains inertial sensors (accelerometer and angular rate sensors), a 
magnetometer, a barometer, a dual-frequency GPS receiver, a single frequency GPS receiver, and a processing 
unit in order to provide precise information about the vehicles motion state. Details on the georeferencing unit 
are given in Sec. 3.1. 
The main mapping sensor, a 5 Megapixel camera with global shutter, is attached to the IGGKopter. This 
camera is mounted to a servo and thus can be pointed downward or sideways. Instead of the high resolution 
camera, the AISKopter contains a customized continuously rotating 3D laser scanner, measuring distances 
to objects up to 30m in almost all directions. It is used to build a local map of the environment and to detect 
obstacles (see Sec. 4). The vehicle also contains eight ultrasonic sensors, also used to detect obstacles, which 
may not be seen by the laser scanner (e.g. windows). 
For the communication between different components of our system (onboard processing and ground station), 
we employ the communication infrastructure of the Robot Operating System ROS (Quigley et al., 2009). 
Those processing pipelines with large amounts of data and almost batch-like processing like the laser pipeline 
and the visual obstacles pipeline presented in the following are implemented using nodelets and effi cient 
communication, respectively.

3 traJE Ctory EstIMatIon anD DIrECt GEorEFErEnCInG
A crucial part of the project is the ability to estimate the current position and orientation of the MAV at any time 
and with a high precision. This is necessary for the reconstruction of surfaces and objects in a global reference 
frame. In classical airborne photogrammetry the images are oriented using ground control points (and GPS/
INS data from the camera mount). We want to avoid the deployment of ground control points and therefore 
need a precise position and attitude determination of the camera for every taken image. This method is known 
as direct georeferencing. Within the project, we developed a direct georeferencing multi sensor unit, which is 
described in this chapter. An important specifi cation of this unit is the ability to provide the motion information 
of the vehicle in real-time, which is necessary as input to the autonomous navigation software of the MAV. It is 
also planned to consider a priori map information during the fl ight, such as LOD2 models of buildings (Level 
of Detail 2, 3D model including roof structure), which are usually available in global coordinate systems. 
Since GNSS observations, which provide the main data source for the direct georeferencing, are not necessary 
available at all times, a trajectory estimation based on the two stereo camera pairs is also developed in order to 
improve and robustify the georeferencing performance. 
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3.1 Direc t Georeferencing unit
The sensor unit consists of dual-frequency GPS receiver (Novatel OEM 615), a single-frequency GPS receiver 
(uBlox Lea6T), a tactical-grade MEMS-based inertial measurement unit (Analog Devices ADIS 16488), a 
magnetic fi eld sensor, a barometer and a real-time capable processing unit (Nations Instruments sbRIO 9606). 
It also contains a radio modem, enabling the reception of GPS data from a reference station. Figure 2 shows 
the prototype version of the sensor unit. It measures 11x10.2x4.5cm and has a weight of about 240g, without 
the GPS antennas. 

Figure  2: Left: Prototype of the direct georeferencing unit. Right: Block diagram of the sensor unit.

The main georeferencing sensor is the dual-frequency GPS receiver. Together with the GPS observations from 
a reference station, which are received via the radio modem, a real-time kinematic (RTK) GPS solution with an 
accuracy of about 1cm is calculated using a custom developed algorithm. The main task in RTK GPS processing 
is the determination of the carrier phase ambiguities (see Hofmann-Wellenhof et al., 1994 for details). This is 
done by fi rst estimating real-valued ambiguities using GPS code and carrier phase observations (the so called 
fl oat solution with an accuracy of about 20cm), and then trying to fi nd the true integer-valued ambiguities using 
a search algorithm, leading to a so called fi xed solution with an accuracy of about 1cm. Figure 3 (left) shows 
the results of a test fl ight under ideal conditions. To demonstrate the functionality of the ambiguity search, the 
ambiguities have been reinitialized in all epochs, still leading to a fi x in nearly all cases. The fl ight trajectory 
in Figure 6 was performed under non-ideal conditions very close to a building. Here satellite occlusions yield 
more situations, where only a fl oat solution could be obtained (red circles), leading to systematic errors in 
the order of 20cm. Currently, the position of the vehicle is estimated using GPS observations only, without 
any motion model of the device. In the future, the full motion estimation will also use the inertial sensor data 
and the results from the incremental bundle adjustment (see sec. 3.2) in a tightly coupled way. This and the 
possibility to adjust the estimation fi lter optimally to the system and the application are the reasons, why we 
decided to develop our own RTK GPS processing algorithm (Eling et al., 2013a), instead of using a freely or 
commercially available one.
The attitude of the vehicle is estimated using the inertial sensors, the magnetometer and a short baseline 
between the antenna of the single frequency receiver and the antenna of the dual frequency receiver. The 
magnetometer provides a true north reference, but this can be strongly disturbed by electrical currents on the 
MAV. So, we decided to implement a short single-frequency baseline of about 50cm on the vehicle, enabling 
the determination of the vehicles heading angle in the GPS coordinate frame (see Eling et al., 2013b for 
details). The estimation of position and attitude within a single estimation fi lter, as it is the subject of current 
research, will also improve the attitude accuracy, especially in conditions when GPS observations are not 
always available.   
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Figure  3: Example trajectory under ideal GPS conditions, calculated onboard during the fl ight. For nearly all 
times the carrier phase ambiguities could be fi xed. The right side shows the height component and the attitude. 

3.2 Increme ntal Bundle Adjustment
Bundle adjustment is the method of choice for orienting cameras and determining 3D coordinates of object 
points. It has a number of favourable properties, e.g. it is statistically optimal in case all statistical tools are 
exploited and it is highly effi cient in case sparse matrix operations are used and variable reordering is done to 
prevent unnecessary fi ll-in. However, the computational expense of applying periodic batch bundle adjustments 
on each image of an image sequence would be too high as it grows with the number of involved camera 
motions and 3D points. For this reason, we process the images of the multi-camera system in a keyframe-based 
fast incremental bundle adjustment that makes a visual SLAM (Simultaneous Localization and Mapping) 
application for real-time on-board ego-motion estimation in an unknown scene feasible. The four cameras with 
1,55mm fi sheye lenses have a fi eld-of-view of up to 185° and capture four monochromatic image sequences 
with a frame rate of 10 Hz in a synchronized way with an image resolution of 752×480 pixels. The cameras are 
mounted as two stereo pairs with a basis between the cameras of 20 cm, one looking ahead and one looking 
backwards with a pitch angle of 45°, see Figure 4. 

Figure 4: Left : Multi-camera system, as it is mounted to both MAVs. Right: Images of all four synchronized 
fi sheye cameras. The yellow points are features, detected and tracked by the KLT tracker.

This confi guration provides highly overlapping views and a large fi eld of view. Figure 4 (right) shows an 
example frame set. The yellow points are interest points, which are corners in the gradient image with a 
large smallest eigenvalue of the structure tensor, cf. (Shi and Tomasi, 1994). The interest points are extracted 
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and tracked in the synchronized video streams of the individual cameras by the OpenCV implementation of 
the KLT tracker, that implements the Lucas-Kanade method with pyramids according to (Bouguet, 2000), 
and matched across the cameras, if possible. The feature points are converted into ray directions pointing 
to the observed scene points in the individual camera systems. For this, we model the fi sheye  lens with the 
equidistant-model described in (Abraham and Förstner, 2005), allowing for ray directions with an intersection 
angle equal or larger than 90° to the viewing direction.
Previous work yielded a rigorous batch bundle adjustment for omnidirectional and multi-view cameras for 
effi cient maximum-likelihood estimation with scene points at infi nity, called BACS (bundle adjustment for 
camera systems), see (Schneider et al., 2012). Classical bundle adjustments are not capable of far or even ideal 
points with small intersection angles, i.e. points at infi nity, e.g. points at the horizon, which have been proven 
to be effective in stabilizing the orientation of cameras, especially their rotations. The calibration of the multi-
camera system, which includes the translation and rotation from each camera into each other, is determined in 
advance according to (Schneider and Förstner, 2013). 
Recently, we made BACS real-time applicable as described in (Schneider et al., 2013). Our keyframe-based 
method computationally selects only a small number of past frames to process a global incremental bundle 
adjustment step, which reduces the processing to some geometrically useful, tracked observations. The 
initiating frame set is chosen as the fi rst keyframe set with a fi xed pose Mk, defi ning the coordinate system up 
to scale. The index k denotes a motion of a set of keyframes Kk of all keyframe sets K = {Kk , k = 1, ..., K} ⊂ T = 
{Tt , t = 1, ..., T }, taken out of the set T of all frame sets Tt, t being the index referring to the time of exposure of 
a set of frames taken in a synchronized way. A new keyframe set with motion Mk is initiated in case a minimal 
geometric distance to the last keyframe set with motion Mk-1 is exceeded, e.g. a translation of 1 m or a rotation 
of 30°, see Fig. 6.

Figure 5: Incremental bundle adjustment. Left: At every frame, a new motion state Mt (green) is calculated by 
resection using the scene points in the map X . Right: After a certain motion distance, e.g. 1m or 30°, a keyframe 

is initiated (red). At every keyframe, a fast incremental bundle adjustment step is calculated to refi ne all 
keyframes Mk in K and scene points in X.

A map in our context is a set of scene points X = {Xi , i = 1, ..., I}, which is initialized by forward intersecting the 
matched ray directions in the stereo pairs in the initiating frame set. Robust estimates for the motion Mt of the 
camera system in the map are computed at each time of exposure t via simultaneous resection of all cameras by 
using a generalized camera model with multiple projection centres. We determine the solution for the six pose 
parameters of Mt by a robust iterative maximum likelihood-type estimation.  Observations with large residuals 
are weighted down using the robust Huber cost function (see Huber, 1981). Using the pose Mt−1 as the initial 
approximate value, the estimation for Mt converges in most cases after 10-20 msec (2-3 iterations). This allows 
the orientation of set of frames taken with a high frame rate. A track of observations getting a low weight is put 
on the blacklist. This procedure ensures a reliable data association as tracks on the blacklist are not considered 
in the following frames anymore.
The map is continually expanded as new keyframe sets are added. Initial values for new tracked scene points 
are obtained by forward intersection. Scene points in the map X and poses in K are updated and refi ned by the 
new observations in the incremental bundle adjustment step when a new keyframe is initiated. The incremental 
bundle adjustment step recalculates only entries of the information matrix, i.e. the normal equation matrix or 
inverse covariance matrix, which are actually effected by new measurements. To this end, we use the sparse non-
linear incremental optimization algorithm iSAM2 provided by (Kaess et al., 2012), which is highly effi cient, 
as only variables are relinearized that have not converged yet and as fi ll-in is avoided through incrementally 
changing the variable ordering.
Tracking 200 feature points in each camera and setting a convergence criterion for the rotations to 0.5° and for 
the translations to 3 cm yields a very fast processing of the bundle adjustment that is always faster than one 
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second on a 3.6 GHz machine. In (Schneider et al, 2013) we have shown that the required time is independent of 
the number of new observations added to the optimization problem but rather highly depends on the number of 
affected variables that need to be relinearized in an incremental optimization step within the iSAM2 algorithm. 
Further, we have shown that the incremental bundle adjustment provides estimated pose parameters which are 
in a statistical sense optimal like using a rigorous batch bundle adjustment.
Figure 7 shows an onboard processed trajectory of the MAV by our visual odometry algorithm (solid line with 
crosses) and the georeferencing unit (fi xed GPS solutions are marked with green dots and fl oat solutions with 
red dots). 273 keyframes with 17,175 observations of 864 scene points were initiated during the fi ve minute 
long fl ight, whereby 4,803 frame sets were orientated by resection (not shown in Figure 7). To compare both 
trajectories the positions of the incrementally refi ned keyframes are transformed with a 7-parameter similarity 
transformation on the GPS positions. The differences between the GPS positions and the transformed positions 
of the keyframes are up to 60 cm due to the drift effects in the visual odometry. These results illustrate the 
potential of the visual odometry to bridge GPS losses of lock, to fi x the ambiguities of fl oat solutions and to 
detect GPS cycle slips. The relative accuracy of the estimated rotation parameters between succeeding sets of 
frames obtained by resection is always between 0.05° to 0.2° and 1 cm to 6 cm in translation.

Figure 6: The onboard processed trajecto ries of the georeferencing unit and transformed incremental bundle 
adjustment. Left: Lateral view on the trajectories in the yz-plane, note the capability of the visual odometry to 

bridge fl oat solutions of the georeferencing unit. Right: Top view on the trajectories in the xy-plane.

4  OBSTACLE DETECTION AND COLLISION AVOIDANCE

4.1 sensors
To fulfi l the objectives of mapping and inspection missions, our MAV has to navigate in the close vicinity of 
human-built and natural structures, e.g., buildings, power lines, and vegetation. These structures have very 
different characteristics and cannot be perceived reliably by individual sensor modalities, e.g., it is not possible 
to detect glass surfaces by means of optical sensors. Thus, we equipped our MAV with a multimodal sensor 
system to exploit the advantages of different sensors and alleviate their drawbacks.

4.1.1 3D laser scanner
Our primary sensor for obstacle avoidance is a continuously rotating 3D laser range fi nder that provides an 
almost omnidirectional view of the surroundings. Full 3D point clouds are acquired and processed with up 
to 2Hz. The scanner consists of a Hokuyo UTM-30LX-EW 2D laser range fi nder, mounted on a bearing (see 
Figure 7). The bearing is continuously rotated to gain a spherical fi eld of view. The whole setup is mounted 
on the front side of the MAV and pitched downward by 45° which allows to maximize the fi eld of view and to 
minimize the blind spot of the sensor, which is caused by the central core of the MAV. The scanner is able to 
measure up to three echoes of a single emitted light pulse. The number of echoes a light pulse refl ects depends 
on the surface of the object, i.e., shape and refl ectivity. For example, transparent material, vegetation or edges 
of buildings often refl ect the light only partially yielding more than one echo. Hence, multi-echo detection is 
ideal for outdoor applications.
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Fig ure 7: Rotating 3D laser scanner, mounted on the AISKopter. The sensor acquires full 3D point clouds at a 
rate of 2hz.

For processing of the acquired 3D data, we form distinct 3D point clouds from the continuous data stream of 
the rotating laser scanner. We keep track of the rotation angle and start aggregating laser range scans to form a 
new 3D point cloud every half rotation. Since movement of the sensor during acquisition leads to a distortion 
of the 3D scan, we use visual odometry to compensate this effect. Figure 8 shows example point clouds from 
indoor and outdoor environments. We fi lter out measurements on the MAV itself by applying a simplifi ed robot 
model for estimating which measurements coincide with the robot’s body parts.

Figu re 8: Point clouds acquired by the rotating laser scanner, mounted on the MAV. The colour indicates height. 
Left: indoor environment. Right: outdoor environment. The MAV is within the red circle.

4.1.2 Visual Obstacles
In addition to the 3D laser scanner, we obtain 3D point clouds of the surrounding environment using the two 
stereo camera pairs. Sparse visual obstacle detection and tracking is based on interest points, as described 
in Sec. 3.2. To determine the coordinates of the matched feature points via triangulation, we match tracked 
keypoints across the cameras using the known mutual orientations between the cameras within a stereo pair. 
The mutual orientations are determined in advance as described in (Schneider and Förstner 2013). 
To match feature points in the overlapping images of a stereo camera pair, we determine the correlation 
coeffi cients between the local image patches at the feature points in the left and right images. Using the known 
relative orientation between the cameras within a stereo pair, we can reduce the amount of possible candidates 
to feature points lying close to the corresponding epipolar lines.
We assume feature points with the highest correlation coeffi cient to match, if it is above an absolute threshold, 
and - if there is more than one candidate close to the epipolar line - the closest-to-second-closest-ratio with the 
second highest correlation coeffi cient is lower than an absolute threshold.
The matched feature points are converted into ray directions pointing to the observed scene point in the camera 
frame system. An unknown scene point can be determined via the intersection of the observing camera rays 
in the camera frame using the known pose of the right camera in the camera frame defi ned by the left camera.

4.1.3 ultrasonic sensors
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Figure  9: Setup and mounting of the ultrasonic sensors. These sensors are used to reliably detect small obstacles 
in the close vicinity of the MAV.

As neither the laser point cloud nor the visual obstacles are dense, and transparent obstacles cannot be measured 
optically, we have equipped our MAV with eight ultrasonic sensors. With a measurement range from 4cm to 
6m, these sensors cover the space in the vicinity of the MAV. Ultrasonic sensors are particularly well suited for 
detecting close obstacles. In our setup, they are used as a fallback for dynamic obstacles suddenly appearing in 
the MAV’s vicinity. Furthermore, their measurement principle with the wide sonar cone allows for perceiving 
obstacles that are hard to detect otherwise, e.g., wires and tree branches, as well as transparent obstacles such 
as windows. Referring to Figure 9, the ultrasonic sensors are mounted in a ring around the MAV in a star-like 
pattern with one pair of sensors at each of the four riggers of the frame. We fi lter out erroneous measurements 
by examining a sequence of measurements for each of the ultrasonic sensors, and only take a measurement into 
account for collision avoidance when it appears stable over several readings. In all our experiments, incorrect 
measurements were sparse and not persisting over multiple range readings.

4.2 Local Map Building and Collision Avoidance

4.2.1 Map Building
In order to fuse and accumulate measurements, we construct local egocentric obstacle maps. For each 
measurement and the corresponding 3D point, the individual cell of the map is marked as occupied. An 
exemplary map from an indoor map is shown in Figure 10. The map is used by our obstacle avoidance algorithm 
described in the next section. Along with the occupancy information, each cell also maintains its most recent 
3D scan points in a ring buffer. These 3D points can be used for point-based scan processing, for example 3D 
scan registration. We aim for effi cient map management for translation and rotation. To this end, individual 
grid cells are stored in a ring buffer to allow shifting of elements in constant time. We interlace multiple ring 
buffers to obtain a 3D map. In case of a translation of the MAV, the ring buffers are shifted whenever necessary 
to maintain the egocentric property of the map. For sub-cell-length translations, the translational parts are 
accumulated and shifted if they exceed the length of a cell. Since we store 3D points for every cell for point-
based processing, single points are transformed in the cell’s local coordinate frame when adding, and back to 
the map’s coordinate frame when accessing. Since rotating the map would necessitate accessing of all cells, 
our map is oriented independent to the MAV’s orientation. We maintain the orientation between the map and 
the MAV and use it to rotate measurements when accessing the map.

Figure   10: Middle: 3D laser scan of the indoor environment in the left fi gure (aggregated over 1s). Right: 
Resulting local grid-based map. 

A complete 3D scan is aligned to the map by means of the Iterative Closest Point (ICP) algorithm (Besl 
and McKay, 1992). The ICP algorithm estimates a transformation between two point clouds, describing the 
displacement between them. The scan registration is triggered after acquiring a full 3D scan (i.e., a half rotation). 
When using the ICP algorithm for scan registration, corresponding points between the model and the current 
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point cloud are assigned, usually by building a space-partitioned data structure from the model point cloud. In 
contrast, we utilize our grid-based data structure for effi cient correspondence assignment. Every point from a 
newly acquired 3D scan is directly assigned to a map cell in constant time. The closest point in terms of the 
Euclidean distance from the point list of this cell is initially assigned as corresponding point. Points in the 
neighbouring cells might be closer to the measured point than the initially assigned point. Consequently, we 
extend the search to neighbouring cells, if the distance to the initial assignment is larger than the distance to 
the border of a neighbouring cell.

4.2.2 Potential Field-based Collision Avoidance
Our concept for the navigation of the MAV is based on a multi-layer approach. Between low-level control and 
high-level planning layers, we employ a fast reactive collision avoidance module based on artifi cial potential 
fi elds (Ge and Cui, 2002) employing our local obstacle map described in the previous section. This enables 
the MAV to immediately react to nearby obstacles and deviate from a path that was planned based on a static 
allocentric environment model.

Figure 1 1: Visualization of our obstacle avoidance using a 3d grid map (left: real MAV, right: simulation). Left: 
A previously unknown obstacle obstructs the direct connection to the next waypoint (yellow). Right: Obstacles 
in range induce repelling forces (red lines). The trajectory is predicted into the future (green) given the current 

dynamic state of the MAV and the potential fi eld. The blue cells depict our discretized robot model.

In contrast to the standard potential fi eld-based approach, we relax the assumption that the robot is an idealized 
particle. We account for the shape of the MAV by discretizing it into cells of the size of our 3D grid map (see 
Figure 11). The centre points of these cells are individual particles to the algorithm. Hence, obstacles induce 
repulsive forces and the target waypoint induces an attractive force on each of these cells. Thus, multiple 
obstacles can induce forces on different parts of the MAV. Furthermore, we relax the assumption that the 
motion of a vehicle can be changed immediately. To overcome this limitation, we predict the MAV’s future 
trajectory given the current dynamic state and the probable sequence of motion commands for a fi xed discrete-
time horizon (Figure 11). This time horizon is tightly bound by the property that MAVs can quickly stop or 
change their motion. To predict the trajectory, we employ a motion model of the MAV and the estimated 
resulting forces along the trajectory. The magnitudes of the velocity commands are calculated according to 
the predicted future forces. If a given force threshold is exceeded at any point of the trajectory, we reduce the 
velocity of the MAV.
In addition to guiding the MAV in a collision free manner to waypoints, our approach can act as a safety co-
pilot to assist a human pilot. As the human pilot sends direct motion commands instead of coordinates relative 
to the MAV, we omit the attractive force in this case. Instead, we directly infl uence the control command given 
by the pilot if the MAV operates in the vicinity of obstacles. Repulsive forces induce a delta command that is 
added to the original control command, yielding a stop or deviation from the commanded direction.
We tested our collision avoidance in waypoint following scenarios in simulation. The tests include bounded 
environments with walls and unbounded environments, where the waypoints direct the MAV through window-
like openings of different size. These experiments revealed that our collision avoidance approach is able to 
follow paths, if a relatively sparse trajectory is given that covers only the most crucial navigation points. The 
simulated MAV was able to fl y through all passageways and windows of its size plus a safety margin. The 
prediction of the near future outcome of motion commands leads to smoother trajectories, keeping the MAV 
further away from obstacles than the same potential fi eld approach without trajectory prediction. The occurring 
artifi cial forces during the fl ights were reduced to 68% of the forces without trajectory prediction. No collisions 
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occurred during these test runs. Experiments with the real MAV showed that our approach is able to successful 
avoid obstacles, even if the commanded fl ight direction from an upper layer would lead to a collision.

5 CONCLUSIONS AND FUTURE WORK
In this contribution, we presented the concept and the current status of a project which aims to develop 
an autonomously fl ying MAV for online mapping purposes. We showed that a custom developed direct 
georeferencing unit is able to determine the position and the attitude of the vehicle in real-time with an accuracy 
of a few centimetres and a few degrees and is therefore able to capture georeferenced high-resolution images 
without the need for ground control points. We also showed that an incremental bundle adjustment algorithm, 
based on the images of four fi sheye cameras, has the potential to bridge GPS gaps and to improve the attitude 
estimation of the MAV. Additionally, our robot possesses a number of sensors modalities, such as a rotating 3D 
laserscanner and ultrasonic sensors, which constantly update an ego-centric obstacle map. This map enables 
the MAV to operate in a mode, which goes far beyond the usual waypoint fl ight, as it is common for high-
altitude MAV-based aerial photogrammetry. The system will be able to accomplish a higher-level mission, 
such as ‘fl y around the house (which is for example given as a LOD2 model) and count all the windows’, while 
adapting to locally and temporally changing conditions, such as static or moving obstacles. 
Subjects of future work are the integration of the vision based and the GPS/IMU based trajectory estimation to 
improve and robustify the real-time georeferencing capability of the MAV and the integration of all presented 
subcomponents and processes into a single mobile mapping workfl ow. The calibration and the evaluation of the 
system regarding motion estimation and mapping accuracy are also important topics of ongoing investigation. 
It should be noted here, that an essential part of the project ‘Mapping on Demand’ has not been discussed 
within this paper. This part deals with the problem of processing the georeferenced images to depth maps 
and point clouds, reconstructing objects and surfaces and extracting semantic information from the data. The 
integration of these tasks into the mapping work fl ow is also a major subject of future work. 
As an intermediate result of the mapping procedure, we present in Figure 12 a georeferenced point cloud, which 
has been reconstructed from images, recorded by the high-resolution camera on the IGGKopter, which was 
manually controlled during the fl ight. Note, that this point cloud has been processed using a freely available 
software for dense image matching (pmvs2, see Furukawa 2010). More advanced methods will be used in the 
future, as described above. 

Figure 12 : Georeferenced point cloud, extracted from images using a freely available software package for dense 
image matching (Furukawa, 2010).
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Cycle slip Detection in the context of rtK GPs positioning of 
lightweight UAVs
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abstract
In this paper a direct georeferencing system for the position and attitude determination of MAVs is presented. 
One important goal in the realization of this system is the development of tightly-coupled GPS algorithms, 
where the GPS raw measurements are directly fused with the observations of additional sensors, such as 
inertial sensors or cameras. The tightly-coupled algorithms are needed to improve the GPS processing in 
GNSS challenging environments. Since the development of these algorithms is not finished yet, this paper is 
focused on the cycle slip detection based on accelerometers in a Kalman filter. By means of a simple test it will 
be shown that the integration of accelerometers in the RTK GPS float solution allows for a reliable detection 
and repair of cycle slips.

Keywords
RTK GPS, UAV, direct georeferencing, cycle slip, Kalman filtering

1 IntroductIon
As a platform for mobile mapping applications, unmanned aerial vehicles (UAVs) are increasingly used in 
the recent years. Examples can be found in the fields of precision farming (Bendig et al. 2014), infrastructure 
inspection (Merz & Kendoul 2011) or surveying (Eisenbeiss et al. 2005). In comparison to land vehicles, 
UAVs have the advantage of being able to overfly inaccessible areas. Furthermore, they mostly allow for 
approaching an object from all viewing directions, without physical contact. 
In the community, there is currently a discussion concerning the term for aerial vehicles. Beside the term 
“UAV” for example also the terms “drone”, “remotely piloted vehicle” and “remotely piloted aircraft” exist. 
This paper is dealing with the application of lightweight UAVs for mobile mapping. Since “lightweight UAV” 
is a very unspecific description, the term “micro aerial vehicle” (MAV) will be used instead of this throughout 
this paper. MAVs can generally be characterized having a weight limit of 5 kg and a size limit of 1.5 m 
(Eissenbeiss 2009).
Mobile mapping ordinarily requires a georeferencing of the collected mapping data. This georeferencing can 
be done directly or indirectly. Since spatial and time restrictions often exclude the possibility to deploy ground 
control points, a direct georeferencing, which is based on an onboard multi-sensor system, is often preferred.
In this contribution a system for the direct georeferencing of MAVs is presented. This system has been realized 
within the research project Mapping on Demand. The goal of this research project is the development of an 
autonomously flying MAV, which is intended to be used for the 3D reconstruction of buildings. Among other 
sensors, the direct georeferencing system also includes an RTK (real-time kinematic) GPS system, to allow for 
cm-accuracy positioning of the mobile platform in real-time. However, the difficulty of using RTK GPS on an 
MAV is that the GPS measurement conditions are often challenging during flights, which leads to multipath 
effects, losses of lock (shadowing) and cycle slips in the carrier phase observations. This is especially true, 
when the MAV has to fly next to trees and close to building facades to collect well-suited images for a 3D 
reconstruction. To overcome this problem the development and implementation of a tightly-coupled RTK GPS 
algorithm is planned, where the observations of additional sensors, such as inertial sensors or cameras, are 
directly fused with the GPS raw measurements in a single filter. In doing so, the ambiguity re-initialization 
and the cycle slip detection can be improved significantly. To illustrate the positive impact of the integration 
of inertial sensors in the RTK GPS process, the issue of cycle slip detection using accelerometers will be 
addressed in this paper. 
This paper is structured as follows: First, the developed direct georeferencing system and the MAV platform will 
be presented (section 2). In section 3 possibilities for the detection of cycle slips will be discussed. Afterwards, 
results of a simple test will be shown (section 4) and finally in section 5 an outlook on further developments 
will conclude this contribution. 
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2 the SyStem development
Even if direct georeferencing is well known from airborne applications (e.g.  Schwarz et al. 1993, Skaloud 
1999, Heipke et al. 2002), the existing systems cannot easily be adopted for MAVs. The reasons for this are: 
(i) Due to challenging GNSS measurement conditions additional sensors (e.g. IMU (inertial measurement 
unit)) play a more important role for the position and attitude determination. (ii) The weight and the space of 
MAVs are strictly limited (e.g. 1.5 kg payload limitation), with the result that for example only lower quality 
IMUs can be used for MAV applications. On this account further lightweight sensors, such as stereo camera 
systems, are needed to bridge GPS losses of lock.
The possibility to include any additional sensor to the system is - apart from the space and weight limitations 
- a main reason for developing an own system instead of using a commercial unit with similar capabilities.

2.1 The direct georeferencing system
As mentioned before, the goal of this research was to develop a direct georeferencing system, which is 
customized for the use on MAVs. Generally, the system should have the following characteristics: (1) The 
weight of the system has to be less than 500g. (2) It should be real-time capable. (3) Outages of single sensors 
have to be bridgeable to allow for a reliable position and attitude determination independent on the measurement 
conditions. (4) The accuracies of the provided positions and attitudes should be better than 5 cm and 1 deg. 

Figure 1: The direct georeferencing system with its components.

The developed direct georeferencing system is presented in Fig. 1. It consists of a Novatel OEM 615 GNSS 
receiver, a u-blox LEA6T L1-GPS receiver, an Analog Devices Adis 16488 IMU, a XbeePro 868 radio module 
and a National Instruments sbRIO 9606 real-time processing unit. Furthermore, an external interface allows 
for the integration of visual odometry data from stereo camera systems (Schneider et al. 2013). The dimensions 
of the system are 11.0 x 10.2 x 4.5 cm. The weight is roughly 240g, without the GPS antennas. More details to 
the system can be found in Eling et al. (2013).  
All the algorithms running on the real-time processing unit are in-house developed. The reasons for this are: 
(a) The implemented software has to meet the requirements of the operating system that is running on the real-
time processing unit. (b) The algorithms have to be well-suited to be applicable on an MAV platform in urban 
areas. (c) The final goal is the development of tightly-coupled GPS algorithms, where the raw observations of 
all sensors, including the stereo camera systems, should directly be fused in a single filter.

2.2 The MAV platform
Fig. 1 shows the current version of the developed MAV. In general it is based on the Mikrokopter OktoXL 
construction kit from HiSystems. Beside the already mentioned georeferencing sensors the platform contains 
two stereo camera pairs (IDS uEye UI-1221LE) and a 5 Mpixel industrial camera (IDS uEye UI-2280SE). The 
stereo camera systems are on the one hand used for obstacle detection and on the other hand to provide visual 
odometry data. The industrial camera serves as the actual mapping sensor. Furthermore, a small computer 
performs the image processing and the flight planning onboard of the MAV. 
The total weight of the system is 4.8 kg. Thus, it complies with the German law formalities (weight limit: 5 kg). 
Fig. 2 shows the current version of the MAV platform.
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Figure 2: The modified UAV platform with the georeferencing and mapping sensors.

3 rtk gpS and cycle SlIpS
As already mentioned in the introduction, the positioning of the MAV is mainly based on RTK (real-time 
kinematic) GPS. RTK GPS is a relative positioning procedure, based on GNSS carrier-phase observations, 
which allows for the determination of the vector between a mobile rover and a stationary master station in 
real-time. 
The mathematical model for carrier phase measurements is given by (Hofmann-Wellenhof et al. 2008):
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where )(tjΦ is the carrier phase from the satellite j at the time t, expressed in cycles.λ is the wavelength. 
)(tjρ  is the geometric range and jN is the ambiguity that is inherently integer. jδ∆ is the combined satellite 

and receiver clock bias and c is the speed of light. Finally, the term jς  includes all the remaining range biases, 
such as the atmospheric refractions. The term jε denotes the measurement noise. 
Due to a single-differencing (SD) and double-differencing (DD) of the observations, several biases, such 
as atmosphere refractions, satellite orbit errors as well as satellite or receiver clock biases can be reduced 
significantly or even eliminated. In doing so, centimetre positioning accuracies can be achieved. 
When considering equation (1) more carefully, one important characteristic of GNSS receivers can be seen: the 
ambiguity parameter is time-independent. The reason for this is that once the GNSS receiver is turned on, the 
receiver initializes an integer counter. Afterwards, during the tracking, this counter is incremented, whenever 
the fractional carrier phase changes from 2π to 0. Thus, combining the integer counter and the fractional part, 
the receiver can always provide the observed accumulated carrier phase. The initial and unknown integer 
number of cycles N between the satellite and the receiver keeps constant. This relation is also presented in 
Fig. 3 (left). Thus, the carrier phase ambiguity remains constant as long as no loss of the signal lock occurs 
(Hofmann-Wellenhof et al. 2008).
 

Figure 3: Representation of a carrier phase measurement (left) and of a cycle slip (right) (mod. Hofmann-
Wellenhof et al. 2008)
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In case the receiver loses the signal lock, the integer counter is re-initialized, as soon as the corresponding 
satellite signal is visible again. Since the re-initialized integer counter is usually different from the initial 
integer counter a jump in the accumulated phase arises. This jump is called a cycle slip (see Fig. 3, right).
The reasons for the occurrence of cycle slips are diverse. Mostly, cycle slips arise due to a signal interruption 
or a temporary obstruction of single satellite signals. Other reasons can be a poor signal to noise ratio caused 
by ionospheric refractions, multipath, low satellite elevations or high receiver dynamics. 

3.1 Cycle slip detection using phase combinations or the LTI
The reliable detection of cycle slips is very important, since undetected cycle slips would lead to biases in the 
carrier phase measurements, with the result that cm-accuracies would no longer be achievable. 
One possibility to detect cycle slips is to approximate the carrier phase progression with a low-order polynomial. 
However, for a real-time processing this is not useful. The reason is that many carrier phase measurements are 
needed for the approximation of the phase progression.
Another well known possibility to detect cycle slips is the use of phase combinations. The idea is that biases 
or the receiver-satellite-geometry can be eliminated from the phase observations due to a differencing. In 
this way, cycle slips become more visible. Particularly the geometry-free phase combination, which is the 
difference between the carriers on two frequencies (see equation (2)), is suitable for the cycle slip detection 
(Hofmann-Wellenhof et al. 2008).
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The only time-varying quantity on the right side of equation (2) is the ionospheric residual b(t). Assuming 
that changes in the ionosphere refraction are small between two epochs the geometry-free phase combination 
should be constant. On this account, cycle slips can be detected easily, if the geometry-free phase combination 
exceeds a given threshold.
With this procedure it is also possible to determine whether the cycle slip comes from the L1 or the L2 
frequency. However, disadvantages of the procedure are that (i) dual-frequency GNSS data is required, with 
the result that the procedure cannot be used for low-cost single-frequency GPS data and (ii) the procedure is 
not able to detect all combinations of cycle slips (Bisnath 2000). 
Most of the GNSS receivers also provide a lock time indicator (LTI) to the user. Once the oscillator of the 
receiver is locked to the satellite signal it continues to follow the phase of the carrier with a high frequency 
(Langley 1991). Then, the LTI is the elapsed time since the satellite signal is locked. Thus, once the LTI is 
smaller than in the previous epoch, the integer counter has been re-initialized and a cycle slip is detected.   
Together, the geometry-free phase combination and the LTI provide reliable detection methods for cycle 
slips. However, it cannot be excluded that cycle slips remain undetected only applying these procedures. 
Furthermore, cycle slips not only have to be detected, but also have to be repaired. For the repair of cycle slips 
the geometry-free phase combination and the LTI are not well-suited.

3.2 Cycle slip detection and repair using inertial measurements
In the case that knowledge about the motion behaviour of the rover or observations from additional sensors 
are available, cycle slips can also be detected using a Kalman filter (e.g. Bastos & Landau 1988). Since the 
presented MAV is very dynamic and it can move in every direction rapidly, it is not easy to find an appropriate 
dynamical model for this MAV. However, the used direct georeferencing system comprises of inertial sensors, 
such as accelerometers. Certainly, these sensors have to be integrated two times to predict the rover position. 
However, within two GPS measurement epochs (e.g. 0.1 s) drift effects are negligible. On this account, the 
accelerometers are well suited to detect cycle slips in the GPS carrier phase measurements.
Usually, GPS positions are represented in the e-frame (earth-centred, earth-fixed, ECEF). Since accelerometers 
measure in the IMU sensor frame, the observed accelerometers have to be rotated into the e-frame. Furthermore, 
the gravitational acceleration has to be taken into account, when using accelerometers for the prediction of 
GPS positions. This is generally done by applying a strapdown algorithm (see e.g. Jekeli 2001). To simplify 
the problem in this paper, it is assumed here that (a) the IMU sensor system is aligned with the b-frame 
(body frame) of the mobile platform, (b) the rotation from the b-frame to the e-frame is known and (c) the 
gravitational accelerations can be eliminated from the measurements:
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where g is the gravitational acceleration and )(te
Pa  includes the measured specific forces, represented in the 

e-frame at the time t and point P. r is the position. The resulting accelerations are used as a control input in a 
Kalman filter. Thus, the system dynamics model of the GPS float solution is:
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The state vector consists of the rover position r, the rover velocity r and the SD ambiguity parameters N on the 
GPS L1 and the GPS L2 frequency:
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The observation vector l includes DD carrier phases Ф and DD pseudoranges P:
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and the vector u consists of the accelerations r . Cycle slips can now be detected considering the innovation:
 1111 ++++ ⋅−= kkkk xHld ,         (7)

where the design matrix H represents the nonlinear functional model for a single baseline (one master, one 
rover) (see e.g. Eling et al. 2014 or Takasu & Yasuda 2009).
In case there exist no cycle slips in the carrier phases, the innovation remains close to zero. Thus, when the 
innovation exceeds a threshold d>β (e.g. β ≈ 0.1-0.15 m), a cycle slip is probably the reason.
In general, there are different possibilities to deal with detected cycle slips, but in the first instance there is a 
need to clarify whether the cycle slip comes from the reference satellite, which is the satellite used for the DD 
determination, or another satellite. Since a cycle slip on the carrier phase of the reference satellite would lead 
to large innovations for all DD observations these both cases can easily be distinguished. 
After a cycle slip has been detected, the SD ambiguity parameter in the state vector can be re-initialized. As 
it will be shown in the results (section 4), it is also possible to directly repair the carrier phases or the fixed 
ambiguities based on the innovations. 

4 teSt
In a simple test scenario the Kalman filter cycle slip detection was tested. During a drive in urban areas, GPS 
data and IMU data were recorded with rates of 10 and 1000 Hz using Leica 1200 GPS devices and an high-grade 
IMU from Imar (iNAV-FJI-LSURV-001), which provides very precise accelerations. Afterwards, the recorded 
data was analyzed in a postprocessing step. As already mentioned in section 3.2, the accelerations were first 
rotated into the e-frame and corrected by the gravitational acceleration. Finally, the GPS raw measurements 
and the accelerations were filtered in the presented Kalman filter. Since there were no real cycle slips available 
in this test, cycle slips were simulated on both GPS frequencies.
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Figure 4: The innovations for the DD carrier phase observations of the reference satellite and the satellites 4 and 
32 during the test drive. The simulated cycle slips can be seen clearly (coloured dots).  

In Fig. 4 the innovations for the L1 DD carrier phase observations of the reference satellite and the satellite 4 as 
well as the L2 DD carrier phase observations of the reference satellite and satellite 32 are presented. The extent 
of the innovations depends on the measurement conditions, but ordinarily, the innovations do not exceed 5 cm 
(black dots). In contrast in the epochs were cycle slips were added to the measurements, significant outliers can 
be seen in the innovations of the respective satellites (coloured dots). 

Table 1: Results of the detection of simulated cycle slips
SV frequency # cycles Innovation [m] Innovation [cycles]
4 L1 (λ ≈ 19.05cm) 4 0.760 3.9906 ≈ 4

8 1.523 7.9958 ≈ 8
15 2.840 14.9081 ≈ 15
1 0.174 0.9118 ≈ 1

32 L2 (λ ≈ 24.45 cm) 10 2.442 9.9857 ≈ 10
1 0.243 0.9955 ≈ 1
5 1.220 4.9885 ≈ 5
13 3.168 12.9554 ≈ 13

In Table 1 the results of different simulated cycle slips are shown. Thus, the cycle slips are not only conspicuous, 
but their extend is quite similar to the input. Therefore, cycle slips can be detected very reliably and the results 
from the innovation test are obviously also well-suited to repair cycle slips. 

5 concluSIon and outlook
In this paper a direct georeferencing system for the position and attitude determination of MAVs has been 
presented. One important goal in the realization of this system is the development of tightly-coupled GPS 
algorithms, which are needed to improve the GPS processing in GNSS challenging environments. As an 
example for the positive impact of inertial sensors on the RTK GPS algorithms, the cycle slip detection based 
on accelerometers was chosen in this contribution. Results of a simple test have shown that the integration of 
accelerometers in the RTK GPS float solution allows for a reliable detection of cycle slips.
Currently, the authors are working on the development of a full-motion state tightly-coupled strapdown 
algorithm, where GPS observations are fused with angular rates, accelerations, magnetic field observations 
and visual odometry data from stereo camera systems. Using this sensor fusion the ambiguity resolution and 
the cycle slip detection will be improved significantly for MAV flights.
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Evaluation of Control Quality using GNSS-RTK  
for an Outdoor Construction Machine Simulator

Xiaojing Lin, Alexander Beetz, Volker Schwieger
Institute of Engineering Geodesy (IIGS), University of Stuttgart, Germany

abstract: 
The Institute of Engineering Geodesy (IIGS) of the University of Stuttgart has been developing a construction 
machine simulator for several years. With the simulator it is possible to guide remote controlled vehicles on 
given trajectories automatically. In the past, only the evaluation of sensors like robot tachymeters was possible, 
because the construction machine simulator was limited to laboratory use. Now a simulator has been built for 
investigations and evaluations of control loops under outdoor conditions. This makes it possible to investigate 
Global Navigation Satellite Systems (GNSS) receivers. 

In this paper the focus is on GNSS-RTK solutions for the out-door simulator. The RTK-solution is computed 
using GNSS-Receivers of Leica Geosystems combined with the SAPOS (Satellitenpositionierungsdienst der 
deutschen Landesvermessung). The determined positions are integrated into the simulator by a PID-control-
ler with pre-control. The aim of the investigation is to identify the maximum control quality which can be 
achieved with GNSS-RTK. A second aim is to investigate the performances of an implemented Kalman filter 
to smooth the GNSS observations on base of the mathematical vehicle model.

The experimental results show that the RMS of the lateral deviation is about 8-12 mm for a velocity of 7 cm/s 
with the 5 Hz real-time RTK solution. When the observation data is 20Hz, the RMS of the lateral deviation 
is about 5-8 mm for a velocity of 7 cm/s and 14 cm/s. The PID controller works better than the P, PI and PD 
controllers with different velocities and different observation data rates. The impact of the Kalman filter on the 
RMS of the lateral deviation is not very significant when the velocity of the truck is about 7 cm/s and 14 cm/s. 
However, when the truck drives with a velocity of 30 cm/s, the control quality is improved by 1.6 mm with the 
implementation of the Kalman filter. 

Keywords: 
machine control, bycicle model, PID controller, RTK solution

1 1 motIvatIon
One of the main objectives of engineering geodesy is a stronger integration into the construction process 
(Möhlenbrink & Schwieger, 2007). Surveying work needed on construction sites is usually dependent on the 
determination of accurate plane coordinates and heights. It is possible to come closer to this target due to the 
development of powerful new sensors, adequate communication links and the ability of real time processing 
of the observations. Many different types of geodetic techniques for guidance and control of construction 
machines are used (Retscher, 2001). String lines or stakes can be used for guidance of road and slip-form pav-
ing machines as 3D guidance system. GNSS (Global Navigation Satellite Systems (GNSS) and robotic total 
stations can also be used as 3D guidance and control systems for guidance of dozers and other construction 
machines. The application of rotating laser scanners is limited to 1D guidance and control of construction 
machines. Positioning equipment manufacturers have responded by developing advanced machine control 
systems capable of using positioning information from a variety of sources, including conventional terrestrial 
total-stations, single- and dual-grade lasers, and increasingly real-time GNSS positioning. With current devel-
opments in the GNSS technique, real-time 3D positioning can generally achieve the cm level of accuracy. Such 
accuracy helps to expand the use of real-time GNSS techniques for construction work.

This paper aims to implement GNSS techniques to a modular system for guidance and control applications. 
The IIGS has been developing a construction machine simulator for several years. With the simulator it is pos-
sible to guide remote controlled vehicles with a scale of 1:14 on given trajectories automatically. In the past, 
only the evaluation of sensors like robot tachymeters was possible, because the construction machine simulator 
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was limited to laboratory use only. Now a simulator has been built for investigations and evaluations of control 
loops under outdoor conditions. This paper mainly investigates the positioning performance and control qual-
ity with GNSS techniques for the outdoor simulator. 

2 2 vehIcle model 
A kinematic model provides a mathematical description of the vehicle motion without considering the forces 
that affect the motion. The equation of motion is purely based on the geometry of the system. More information 
about different vehicle dynamics models can be found in Zomotor (1991). For the simulator of IIGS, the single 
track model (also named as bicycle model) is implemented in the previous research works for the automatic 
guidance and control system (Beetz, 2012). 

Figure 1: Single track model for smaller velocities (Zomotor, 1991)

In Rajamani (2006) an assumption is given that the velocity vector at each wheel is in the direction of the 
wheel. The angle between the velocity vector   and the longitudinal axis of the vehicle at the front wheel is 
called the steering angle  at the front wheel. The angle between the velocity  at the center of gravity (CG) of 
the vehicle and the longitudinal axis of the vehicle is called the side slip angle  of the vehicle. This assumption 
holds true for vehicle motion at small velocities (for example 5m/s) where the lateral forces generated by the 
wheels are therefore very small. In this case, the lateral forces induced at the wheels are negligible and hence 
the sideslip is ignored. Figure 1 shows this kinematic bicycle model, where:  

l  is the distance between the front and the real wheels,

lh  is the distance between the real wheel and CG,

R  is the radius of curvature of the curve driven by the vehicle.

From the geometry in Figure 1, the relationship between the vehicle dimension and the current radius and the 
steering angle can be given as:

  .                                                           (1)

For small steering angles, the equation is 

                                                                              (2)

and the vehicle slip angle is given by

    .                                                           (3)

The assumption made for the orientation of the velocity will be no longer true at higher vehicle velocities. A 
model for the higher velocity cases can be found in Belvy (2009).
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3 3 control algorIthm
Control systems are used in different types of engineering fields, where a real system is required to follow 
some given or predefined state. There are different types of controllers that are used in control system applica-
tions, among which the PID controller is widely used.

In general, a closed-loop system consists of a reference signal w(t), a controller, a controlled system and a 
measurement system. The closed-loop system in this paper is realized by a pre-control and a Kalman filter 
(Schwieger & Beetz, 2007). Usually, the reference signal is compared to a measured or filtered variable ŷ(t) 
to determine the control deviation e(t). In our case, the positions of the given trajectory and the measured and 
filtered positions are used to compute the lateral deviation.

A PID controller is capable of manipulating the process inputs based on the history and the rate of change of 
the signal (Aström, 2002). This process gives an accurate and stable control for the physical system. 

The basic idea of a controller is that the controller reads the system state by a sensor. Then it subtracts the con-
trol variable (output signal) from the reference signal to generate the control deviation. The control deviation 
in the PID controller is managed in three ways, handling the present control deviation through the proportional 
term (P), recovering from the past using the integral term (I), and the rate of change of the control deviation 
through the derivative term (D). 

The equations of the PID controller working in a closed-loop system is shown below:

  .                             (4)

The regulating variable u(t) will be sent to the controlled system, and the new control variable y(t) will be 
obtained. The new y(t) will be sent back to the sensor again to find a new control deviation e(t). The control 
takes the new controller deviation and computes the derivative and integral again. This process goes on and on 
until the limiting regulating variable or the required accuracy is reached.

4 4 SImulator realIzatIon

4.1 Hardware components
It is planned to automatically guide the model truck on a given trajectory. To simplify the experiment the truck 
drives on a plain ground so that measuring and considering of vehicle inclinations are not necessary. Further-
more, the velocity is set known and constant and the velocity is very small (about 14 cm/s) so the slippage has 
not to be considered. 

Figure 2: Hardware components of the simulator
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The hardware components for the guidance system and their interactions are shown in Figure 2. The GNSS 
antenna is installed on the geometric center of the model truck. The model truck is composed of a steering 
servo-motor, a velocity motor and a receiver to obtain voltage from the remote controller. The Leica GNSS 
receiver provides the real-time 3D positions to the computer through the connection of the radio modems. The 
control program which is developed with the programming language Labview computes the lateral deviation 
between the measurements and the reference trajectory. The calculation formulas for calculating the deviation 
to the reference trajectory can be found in Gläser (2007). The digital-analogue converter converts the steering 
angle to voltage and sends it to the remote control.

4.2 Reference trajectory 
The given trajectory is, as usual in practice, given to the guiding module as polygon. Each point of the given 
trajectory is identified by an ID. At the same time the ID gives the sequence of the polygon points. The ad-
vantage of using the point ID is that, the orientation to the next point can be easily defined with the order of 
the point ID, when the present position is at the intersection point of the trajectory, which can happen in a “8” 
shape trajectory (Beetz, 2012). For the experiment test, an oval trajectory is given and described by the ele-
ments straight line, cycle and clothoid, which is shown in Figure 3. There are two circles with the radius of 1m, 
four clothoids with the clothoid parameter of 0.6 m and 2 straight lines. More information about the generation 
of the reference trajectory can be found in Beetz (2003).This reference trajectory is represented by 110 polygon 
points, which have a point distance of 10 cm. 

Figure 3: Definition of the given trajectory (Beetz, 2012). 

5 5 IntegratIon of rtk technIque

5.1 Introduction to GNSS and RTK
Global Navigation Satellite System (GNSS) is a system of satellite systems providing continuous position, 
navigation and time (PNT) information with greater accuracy worldwide. GNSS has now become essential to 
a wide range of industrial applications from construction and surveying, aviation, precision agriculture to earth 
sciences even space weather research. The GNSS consist of four main satellite technologies: GPS (developed 
by the United States Department of Defense.), GLONASS (developed by Russian Aerospace Defense Forces 
), BeiDou (developed by Chinese Government) and Galileo (currently being built by the European Union (EU) 
and European Space Agency (ESA).).  Detailed information about the different satellite system can be found 
in Hofmann-Wellenhof et al. (2008).

Real Time Kinematics (RTK) is a differential GNSS technique which provides high positioning 
performance with a base station in real time. The technique is based on the use of carrier measurements and 
the transmission of corrections from the base station, whose location is well known, to the rover, so that the 
main errors that drive the stand-alone positioning are cancelled out. Typical positioning accuracy for RTK so-
lutions shows an RMS of 1 to 3 cm (see later). In case of absolute or differential code solutions the positioning 
RMS may reach 0.5 m to 5 m (Qin, 1992). Network RTK (NRTK) is developed to minimize the influence of 
the distance dependent errors on the computed position of a rover in the network. NRTK provides redundancy 
of reference stations in the solution. For example if observations from one reference station are not available, 
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a solution is still possible since the observations are gathered and processed in a common network adjustment. 
There are different NRTK techniques such as the Virtual Reference Station (VRS), Pseudo-Reference Station 
(PRS), individualized Master-Auxiliary Corrections (iMAX), Area-Parameter Corrections (Flächenkorrektur-
parameter –FKP- in its German origin), and the Master-Auxiliary (MAC) method. More information about the 
fundamentals and principals of NRTK can be found in El-Mowafy (2012).

5.2 GNSS Receiver Integration and RTK Solution Realization
As mentioned before, the Leica GNSS antenna is installed on the simulator. SAPOS, that is one of the Ger-
man NRTK providers, is used for the positioning of the GPS antenna. To receive the correction information 
from SAPOS, the RTK configuration of the Leica GPS receiver has to be finished first. For further information 
the authors refer to Lin (2014). The NMEA (National Marine Electronics Association) real-time positioning 
results are output with the Labview program, which is shown in Figure 4. It needs to be mentioned that the 
parameter after “E” is 4 that means that the coordinates derived are real-time solutions with fixed ambiguities.

Figure 4:  Labview program for control of the RTK solution NMEA data output

The real-time positioning results are given in ETRS89 (European Terrestrial Reference System) and the UTM 
(Universal Transverse Mercator) projection is done to get the horizontal coordinates of the antenna. An experi-
ment is carried out with the Leica GNSS antenna which is located on the roof the IIGS building to investigate 
the RTK solution with SAPOS. Figure 5 bellow shows the accuracy of the RTK solutions. It is indicated that 
the difference are only up to 5 cm in three directions with a sampling rate of 1 second. The mean differences 
in three directions are 1-3 cm with a standard deviation of less than 1 cm.
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Figure 5: RTK experiment on roof of IIGS: differences of 1 Hz RTK solutions (Lin, 2014)

5.3 Control with RTK solution

Figure 6: Interface of the control program
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Figure 7: Working procedure of the guidance and control program

The control module obtains the positioning coordinates of the model truck from the real-time RTK solutions. 
Using the Labview program, all the input parameters can be controlled manually. The options for the velocity 
and Kalman filter can be operated easily as required for different tests, which is shown in Figure 6. The wor-
king procedure is described in Figure 7. The first step is that the current position of the model truck is sent to 
the control program as input coordinates. Then the positions are smoothed by the Kalman filter. In the next step 
a part of the regulating variable will be obtained by using the current radius of the reference trajectory. This 
procedure is called pre-control (Gläser, 2007). Then the control deviation is obtained by adding the pre-control 
part and the deviation control part. The last step is to transform the determined steering angle to voltage by the 
digital-analogue converter, which is sent to the model truck through the remote controller. 
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6 6 teSt drIveS and reSultS analySIS 

6.1 Test field

Figure 8: Test field of the out-door simulator 

A concrete plate was constructed for the out-door simulator tests in the Vaihingen Campus, University of 
Stuttgart, which is shown in Figure 8. There are four pillars around the plate as a control network and the co-
ordinates of the pillars are determined with GNSS static observation data and terrestrial measurements (Grenz, 
2013). According to the stake out data from the engineering construction map, the reference trajectory is gener-
ated on this plate. Different drive tests are carried out to investigate the control quality of the RTK solution. In 
order to show the differences among different trajectories in the Figures, a local coordinate system is used.The 
center point of the reference trajectory is used as the origin point and the East and North directions are parallel 
to the axis of the global coordinate system (UTM).

6.2 Test Results and Analysis
During the tests, the model truck drives at a constant speed on the reference trajectory. For each test, the obser-
vation data, the filtered data and the lateral deviation of five drives are recorded. The parameters for the PID, 
the PI, the PD and P controller are obtained from the experienced data of former tests. The data of the first drive 
is deleted to compute the RMS of the lateral deviation to avoid decreased RMS values due to oscillating at the 
beginning of the trajectory. The RMS of the lateral deviation of the whole test and that of different trajectory 
elements are also compared with each other to investigate the performances. The statistical results are shown 
in Tables 2 and 3. F is short for the frequency of the observation data and only 5 Hz and 20 Hz observation data 
are used during the test drives. V is short for the velocity of the model truck. P, PI, PD and PID controller are 
used respectively with different parameters. “P” is the proportional gain, and “I” and “D” are the integration 
time and the derivative time respectively. KF is short for Kalman filter and “Yes” means Kalman filter is used, 
“No” means Kalman filter is not used.

6.2.1 Comparison of Different Sampling Rates

Table 1: Comparison of different sampling rates

test
F 

(Hz)

V

(cm/s)

Controller

KF
straight 

Line [mm]
Clothoid 

[mm]
Circle 
[mm]

whole 
drive 
[mm]P I                           D

1 5 7 12.3 -- -- Yes 11.13 12.33 12.96 12.14

2 5 7 12.3 -- -- No 10.31 10.55 12.26 11.04
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3 5 7 25 0.5 0.001 Yes 10.32 9.05 10.80 10.05

4 5 7 25 0.5 0.001 No 8.96 7.88 7.52 8.12

5 20 7 25 0.5 0.001 No 8.17 5.19 3.63 5.66

6 20 7 25 0.5 0.001 Yes 5.00 4.60 4.28 4.63

7 20 7 12.3 -- -- No 10.66 9.09 8.44 9.40

8 20 7 12.3 -- -- Yes 9.17 8.14 7.29 8.20

The Table 1 shows that the impact of different sampling rates on the control performance:

(1) From the test scenarios 1-4 in Table 1, it can be seen that with 5 Hz observation data from the RTK solu-
tion, the RMS for the lateral deviation for straight line, clothoid, circle and the whole drive are about 10 
mm.  It is shown that the PID control works a little better than the P controller. The RMS of the lateral 
deviation for the whole drive with P controller is 12 mm (Test 1) and 11mm (Test 2) respectively. The 
RMS of lateral deviation for the whole drive test with PID controller is 10 mm (Test 3) and 8 mm (Test 4) 
respectively. 

(2) From the test scenarios 5-8 in Table 1, when it is compared with test scenarios 1-4, it can be seen that with 
a 20 Hz observation data the RMS of the whole drive test is much better than that of the 5 Hz observation 
data. The RMS of the whole drive test is 5 mm (Test 5) and 4 mm (Test 6) with a PID controller using the 
Kalman fi lter or not respectively. This can be easily explained that with a higher observation data rate, 
there are more observation measurement points between the adjacent points on the reference trajectory. 
Therefore, the computation of the lateral deviation between the current driven trajectory and the reference 
trajectory is more precise. Therefore, a higher sampling rate is needed when driving with a higher velocity. 

(3) Table 1 shows that the Kalman fi lter does not show an improving effect on all the test drives: sometimes 
the RMS is increased, sometimes it is decreased. Figure 10 is the zoom out fi gure of a small part of the 
trajectory shown in Figure 9 to see the differences clearly. From the Figures 9 and 10, it can be seen that the 
measurements from RTK solution has a very good similarity to the reference trajectory. However, the Kal-
man fi ltered trajectory is almost the same as the measured trajectory, only with insignifi cant improvement 
but some smoothing. Figure 10 shows that the fi ltered trajectories and measured trajectory convergence to 
the reference trajectory with deviations of one to two mm in the presented drive section.

Figure 9:  Trajectories comparison
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Figure 10: Trajectory comparison, detailed view

6.2.2 Comparison of Different Controllers
In order to investigate the performance of different controllers, further tests are carried out to analyze the con-
trol performances with the P, PI, PD and PID controllers, which are shown in Table 2. The results show that:

(1) From the test scenarios 9-12 in Table 2, it can be seen that when the velocity is about 14 cm/s, the RMS 
of the lateral deviation for the whole test drive using the P (Tests 9-10), PI (Tests 11-14), PD (Tests 15-16) 
and PID (Tests 17-18) controllers are 9 mm, 7 mm, 9 mm and 6 mm respectively. The PID controller shows 
the best performance. The PI controller also works a little better than the P and PD controller. There are no 
signifi cant differences between the P and PD controllers. 

(2) When the truck drives with a velocity of 30 cm/s, the control quality with the PID controller still can achie-
ve 5-7 mm. And with the implementation of the Kalman fi lter, the control quality is improved by 1.6 mm. 
However, the impact of Kalman fi lter does not show signifi cant improvement when the velocity is 7 cm/s 
and 14 cm/s. It may be explained that the Kalman fi lter works better when the truck drives with a higher 
velocity, as the accuracy of positioning results decreases with the increasing velocity of the truck. 

Table 2: Comparison of different controllers

test
F 

(Hz)

V

(cm/s)

Controller

KF
straight 

Line [mm]
Clothoid 

[mm]
Circle 
[mm]

whole 
drive 
[mm]P I D

9 20 14 12.3 -- -- No 9.39 9.38 7.62 8.80

10 20 14 12.3 -- -- Yes 10.77 8.56 7.93 9.08

11 20 14 12.3 0.5 -- No 7.63 5.94 6.12 6.57

12 20 14 12.3 0.5 -- Yes 9.64 10.78 8.97 9.80

13 20 14 25 0.5 -- No 6.19  5.73 6.31 6.08

14 20 14 25 0.5 -- Yes 8.40 8.78 5.87 7.68

15 20 14 12.3 -- 0.001 No 8.99 9.17 7.15 8.44

16 20 14 25 -- 0.001 No 11.63 10.51 8.03 10.06

17 20 14 12.3 0.5 0.001 Yes 7.34 5.55 5.70 6.20

18 20 14 25 0.5 0.001 Yes 7.38 5.56 4.84 5.93

19 20 30 25 0.5 0.001 Yes 7.64 4.97 4.60 5.74

20 20 30 25 0.5 0.001 No 8.74 7.42 5.74 7.30
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7 7 concluSIon and outlook
This paper aims to use the GNSS receivers as positioning sensor for the IIGS out-door simulator. The control 
quality of using RTK solution to provide the real-time 3D coordinates for the guidance module is investigated. 
If the data sampling rate of the RTK is set to 20 Hz, the RMS of lateral deviation with a driving velocity of 14 
cm/s achieves 5-8 mm. The PID controller works a little better than the P, PI and PID controller, with an im-
provement on the RMS of lateral deviation of 3-4 mm. But the RMS of the lateral deviation does not improve 
the result in an obvious way if the Kalman filter is implemented. The impact of the Kalman to smooth of the 
trajectory is not significant when the velocity of the truck is about 7 cm/s and 14 cm/s. However, when the 
truck drives with a velocity of 30 cm/s, the control quality is improved by 1.6 mm with the implementation of 
the Kalman filter. The reason is not clear at the present time and further research is needed to discuss it. 

Based on this paper various possibilities for future research are given. Obviously more research concerning the 
Kalman filter implementation has to be carried out. One of the possible reasons of the varying Kalman filter 
quality may be the orientation that is based on the past positions. To stabilize the orientation, it may be neces-
sary to implement more sensors for the guidance module, such as an IMU can provide precise orientation angle 
determination. Additionally it has to be mentioned that the RTK solution is highly dependent on the external 
reference network. The real-time precise point positioning (PPP-RTK) can be considered as an alternative po-
sitioning possibility of the GNSS receiver. The current problem is that it is very difficult to process 10 Hz-20 
Hz real-time kinematic observation data with the PPP solution and also the positioning accuracy of the real 
time kinematic PPP. Currently Lin (2014) can achieve 10-30 cm accuracy. 
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abstract
GNSS Precise Point Positioning (PPP) technique has received a great deal of attention from scientists in the 
last few years. The aim of this study is to evaluate the accuracy and the initialization time of PPP solutions 
compared to Precise Differential GPS (PDGPS) solutions. SAPOS stations were considered as reference 
stations to process the data using Leica Geo Office software for PDGPS solution. On the other side PPP 
solutions were estimated using GIPSY-OASIS software and CSRS-PPP online service. Two kinematic 
trajectories have been observed in Stuttgart, Germany. The observations started with 60 minutes static data 
acquisition as initialization time. The static data was followed by 30 minutes of kinematic measurement. PPP 
solutions were evaluated with different periods for the initialization time (zero to sixty minutes) to establish the 
one needed to get reliable results. The first data set showed a good quality during the observation time. GIPSY-
OASIS software as well as CSRS-PPP online service achieved a RMSE in 3 dimensions of 10 cm from 10 
minutes initialization time. The second data set had cycle slip problems during the observation process. CSRS-
PPP provided a reliable solution beginning with 20 minutes initialization time. Regarding GIPSY-OASIS 
software different tropospheric models and approaches were tested in the study to improve the non-reliable 
result. The final chosen model, which includes the parameters for the wet troposphere of the CSRS-PPP online 
service solution, provides a RMSE of 5 cm in horizontal directions and below 15 cm in height direction from 
10 minutes initialization time. 

Keywords
GNSS, Kinematic measurement, PPP

1 IntroductIon
Recently, there is an increasing interest in implementation of GNSS Precise Point Positioning (PPP) technique. 
In comparison to Differential GPS (DGPS) and Precise Differential GPS (PDGPS) solutions, which require 
one or more reference stations (Grinter & Roberts, 2011); PPP technique is a method using only one GPS 
receiver (Goa, 2006). Generally, the navigation community has interesting on PPP technique to improve its 
accuracy and cost effectiveness (Gao & Shen, 2002).  

Gao & Wojciechowski (2004) investigated the PPP solution using GIPSY-OASIS software for two airborne 
kinematic data sets. This case study provided centimeter level in the horizontal and a couple of decimeters in 
the vertical direction. Schwieger  et al. (2009) reported a height RMS better than 0.5m in PPP solution with 
an availability rate around 60%. They compared GIPSY-OASIS solution relative to CSRS-PPP online service. 
Moreover, Martín et al. (2012) processed a kinematic car track using CSRS-PPP online services. This research 
presented mean standard deviations of 8.50, 9.50 and 17.40 cm for north, east and height direction. 

This paper shows an accuracy assessment study of kinematic PPP solution for two car tracks. This kinematic 
tracks have been observed in Stuttgart, Germany with 60 minutes static initialization time followed by 30 
minutes kinematic mesurements. In this concept the initialization time has been divided into 10 minutes sleeps 
from 0 to 60 minutes before moving. The main idea of this study is to investigate the effect of convergence time 
on PPP kinematic solution using GIPSY-OASIS software and CSRS-PPP online service.
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2 baSIc conceptS

2.1 Precise Point Positioning
PPP technique faces several challenges that should be modeled. It needs precise satellite orbits and clock cor-
rections that are available from for example IGS (Goa, 2006) and JPL (Jet Propulsion Laboratory). These orbit 
products include different types related to the availability time and the accuracy; see Table 1. Antenna phase 
center variations should be considered also for satellite and receiver antennas. NGS (National Geodetic Sur-
vey) provides the users with the antenna calibration parameters for different GPS antennas in ANTEX format1. 

table 1: IGs2 and JPl3 products 

GPS Ephemeris
IGs JPl

3-D RMS Ac-
curacy (cm) latency 3-D RMS Ac-

curacy (cm) latency

Ultra-Rapid (predicted) ~5 cm real time - -
Ultra-Rapid (estimated) <3 cm 3 hours 5 cm < 2 hours
Rapid (estimated) ~2.5 cm 17 hours 3.5 cm Next-Day (16:00 UTC)
Final (estimated) ~2.5 cm ~13 days 2.5 cm < 14 days

The evaluation of PPP is based on the ionosphere free (IF) linear combination for code ( IFρ ) and carrier phase 

( IFφ ) measurements for dual frequency receivers that are formed in equations (1).
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Where 1f , 2f  are the frequencies of the GPS 1L  and 2L signals; Liρ , Liφ are the measured code and phase 
data. r is the true geometric range that can be calculated as a function of the satellite position 

( SX , SY , SZ ) and receiver position ( RX , RY , RZ ) as shown in equation (2). c  is the vacuum speed of light; 
Rδ  , Sδ are the receiver and the satellite clock offset. IFN is the combination integer ambiguity and IFλ refers 

to the combination carrier wavelength. Moreover )(elmTz •  shows the troposphere zenith delay including 

mapping function and ρε , φε  are the relevant measurement noises including the multipath (Mirsa & Enge, 
2012). For high accurate PPP solutions some errors should be taken into consideration. Table 2 illustrates the 
overview of additional correction models that are important for PPP (Heßelbarth, 2009) . The PPP solution is 
based on the float solution of integer ambiguity which needs long convergence times or initialization times (20 
minutes or more) to obtain a PPP solution with cm positioning level. This convergence time is the disadvan-
tage of the PPP solution. On the other side the fixing of integer ambiguities is commonly applied to double-
differencing (Rizos et al., 2012). 

1  http://www.ngs.noaa.gov/ANTCAL/documents/format.txt
2  http://igscb.jpl.nasa.gov/components/prods.html
3  https://gipsy-oasis.jpl.nasa.gov/index.php?page=data
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Table 2: PPP correction model 

Description Correction Impact on position-
ing

Satellite antenna

offsets

(satellite attitude 
effect)

Difference between the 
satellite center of mass and 
the phase center of its

antenna

Correction of satellite 
coordinates

height: up to 10 cm

position: several cm

Phase wind-Up

(satellite attitude

Effect)

Rotation of satellite anten-
na around its bore axis will 
change the carrier phase

Correction of carrier 
phase observation height: several mm

Solid earth tides

(site displacement

Effect)

Deformation of the earth

caused by gravity of the

sun and the moon

Correction of station 
coordinates

height: several dm

position: several cm

Ocean Loading

(site displacement 
effect)

Deformation of the earth

caused by ocean loading

Correction of stations

near the coasts

Correction of stations

near the coasts

Earth rotation

parameters (ERP 
site displacement 
effect)

Shift of the axis of the

earth to the earth’s crust:

- pole position

- time correction dUT1

Correction of station

coordinates (not

necessary, if ITRF is

used)

height: several cm

position: several cm

2.1 Atmospheric modelling
GPS measurements are facing several errors when the signal passes through the earth’s atmosphere. The 
excess of signal path length is due to two components: propagation delay and signal bending (Dodson, 1986). 
The atmosphere can be considered as two distinct components the ionosphere and the troposphere. The 
ionospheric error can be eliminated for dual frequency measurement data using the ionosher-free combination 
of pseudorange and carrier phase. The ionosphere-free combinations cancel out the first order ionospheric error 
through equation (1). For further accuracy modelling second order ionospheric combination is used to model 
the higher order terms. These terms are at sub-millimetre to several centimetre level (Keder et al., 2003).

Tropospheric delay may be broken into two components dry and wet. The dry component (Zenith Hydrostatic 
Delay ZHD) represents about 90% of the delay. This part can be predicted in a high degree of accuracy using 
mathematical models (Hoffmann-Wellenhof et al., 2000). The wet component (Zenith Wet Delay ZWD) of the 
tropospheric delay depends on the water vapour along the GPS signal path. Unlike the dry component, the wet 
component is not easy to predict (Leick, 1995). That means the wet delay (typically less than 30 cm) is highly 
variable (Bar-Sever et al., 1998). Hopfield (1969) represented empirically the dry refractivity as a function of 
the height h above the surface, the temperature and the pressure. On the other side, the wet part depends on 
the temperature and the water vapour. Another model was derived using gas laws to model the tropospheric 
parameters. This model is called Saastamoinen model. This model is simplified regarding the changes in 
pressure, temperature and water vapour related to station altitude (Saastamoinen, 1973). 

To sum up, the tropospheric models present the correction forms without considering the arbitrary zenith 
angle of the signal. Tropospheric mapping function is the simplest form to transit the zenith delay relative to 
the arbitrary zenith angle (Hoffmann-Wellenhof et al., 2000). Marini (1972) and Herring (1992) developed a 
global mapping function (GMF) that depends on the position latitude, height, temperature and elevation angle 
for hydrostatic and wet parts. Niell (1996) uses the same type of mapping function as Marini or Herring. Niell’s 
mapping function is the most widely used, accurate and easily to implement (Ahn, 2005). 

The mapping functions introduce one dimensional vertical information in assumption of azimuthally 
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homogeneous atmosphere. The estimating of the horizontal gradient adds information for the horizontal 
dimension. Furthermore the gradient model characterizes the actual atmospheric structure (Bar-Sever et al., 
1998). Also, it will improve the processing accuracy by considering the low elevation GPS data (Meindl et 
al., 2003). In this concept the gradient parameters for ZWD are modelled as random walk process (Tralli & 
Lichten, 1990, Bar-Sever et al., 1998). The gradient model is estimated as MacMillan (1995) reported.

     (3)

 where  is the elevation mapping function; e is the elevation angle measured from horizontal to line of 
sight.  is the azimuth angle measured eastward from north and (Gn & Ge) are the gradient parameters in 
north and east directions.

3 proceSSIng procedure
Two processing tools were used in this study to obtain the PPP solution: GIPSY-OASIS software and CSRS-
PPP online service. The GPS measurement data was provided in RINEX file format for the two processing 
techniques and also for the Leica Geo Office software for PDGPS solution. PDGPS solution is considered 
only as reference solution for PPP solutions. Leica Geo Office software was used to process the GPS data for 
PDGPS solution with a Virtual SAPOS (SAtellitenPOSitionierungsdienst) reference station. The quality of 
observation data was checked using TEQC software. TEQC provides also the possibility to divide the static 
initialization times before moving. Figure 1 illustrates the different steps in processing procedure. 

 

Figure 1: Processing procedure 

3.1 Quality check using TEQC software
TEQC is an executable software for Windows (under DOS) and Linux Operating Systems. It gives the pos-
sibility to check the quality of Rinex files. Mainly it provides plots for type of observations as well as signals 
problems (cycle slip, multipath and loss of look). These plots contain the number of observation epochs for 
each satellite and the time of observation. TEQC software provides also the RMS values of each satellite data 
and the number of cycle slips. Additionally TEQC software can be used to divide the Rinex files, or exclude 
observations and satellite data. For further information it is recommended to read the TEQC tutorial in TEQC 
(2012). 

3.2 PPP solution
The PPP solution is carried through GIPSY-OASIS software and CSRS-PPP online service. Table 3 describes 
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some of the parameters of the two processing techniques. The reference system for the two processing tech-
niques is ITRF2008. The satellite orbits and clock ephemeris are different, where GIPSY uses JPL data but 
CSRS-PPP uses IGS data. The satellite and receiver antenna phase centers are based on IGS ANTEX files. 
Ionospheric correction is applied by the second order ionospheric correction for all techniques. Regarding the 
tropospheric correction, GIPSY-OASIS uses standard hydrostatic priori formula, which is equal to (1.013•
2.27• exp-0.00011*h [m]) where h is ellipsoidic height of the site. Moreover, it can be modelled also using GPT 
model. The wet default value is fixed to 0.1 [m]. Additionally, these wet values can be modelled as horizontal 
gradient using a random walk process (JPL, 2010). GIPSY software uses different mapping functions (e.g. 
Niell and GMF) for hydrostatic and wet delay. CSRS-PPP estimates the tropospheric delay using GMF. It es-
timates the hydrostatic delay using Davis (GPT) model (Böhm et al., 2007), and the wet delay using Hopfield 
(GPT) model (CSRS-PPP, 2004). Finally, the elevation angles are set to 10° for all processing techniques

Table 3: Processing parameters for GIPSY-OASIS and CSRS-PPP 

GIPSY-OASIS CSRS-PPP
Reference System ITRF2008
Satellite Orbit and clock ephemeris JPL IGS
satellite phase center offsets IGS ANTEX
Receiver phase center offsets IGS ANTEX

tropospheric 
model

Dry model
•	 Standard Formula

•	 GPT model
Davis (GPT) 

Wet model
•	 Standard (0,10m)

•	 Gradient model
Hopfield model (GPT)

Mapping function Niell, LANYI , GMF GMF
Ionospheric model Second order ionospheric delay
Elevation angle 10°

3.2.1 GIPSY-OASIS software
GIPSY-OASIS (GOA) software package (GIPSY = GPS Inferred Positioning System, OASIS = Orbit Analysis 
and Simulation Software) is a scientific software for processing GPS data. This software was published from 
JPL (Jet Propulsion Laboratory of NASA). The used version is GIPSY 6.0 under Linux. This software deals 
with static and kinematic GPS data. It is able to solve the data as relative solution and as PPP solution for code 
and phase measurements. Unfortunately GIPSY software provides unreliable PDGPS results, therefore this 
solution is not considered in this study (Schwieger & Schwieger, 2008). The help documents are available via 
internet. Gregorius (1996) provides the most significant manual to deal with GIPSY software. Furthermore, 
other helpful replies are available from the administrators via GIPSY forum6.

Figure 2 illustrates briefly the GIPSY processing technique. It starts with ninja module to edit and convert 
the raw measurement data into a quick measurement (qm) –file. This qm-file is cleaned up from outliers and 
systematic errors. The ninja module also detects the cycle slips as well as biases in raw data files for each satel-
lite. The qm file can be processed after that by the “gd2p.pl” module, which is the main function in software 
(Gregorius, 1996). The next processes are included in this function:

•	 Insert the orbit information that is downloaded directly from JPL and insert the receiver antenna pa-
rameters.

•	 Insert a prior coordinates.

•	 Insert the corrections models like tropospheric model parameters, tropospheric mapping functions, 
ocean load tides models and earth tide models.

•	 Compute the point positions.

The parameter estimation process includes three steps. Firstly; a Kalman filter filters the data. Second; smap-

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



172

per smoothes the data, and finally the postfit estimates the post-fit residuals and separates outliers (Gregorius, 
1996). The main output from this function is the coordinates file (tdp_final). This file contains the Cartesian 
coordinates for the points, receiver clock bias, and wet tropospheric values in case of static solution. Since 
the file was solved, postfit file is one of the outputs from gd2p.pl function.  This file provides the number of 
solved epochs, standard deviations of solutions and number of outliers. The last step in GIPSY processing is to 
transform the Cartesian coordinates (XYZ) to the geographic coordinate system (latitude, longitude, ellipsoidal 
height) using tdp2llh script. 

3.2.2 CSRS-PPP Online Service
CSRS-PPP Online Service is offered from the Natural Resources of Canada (NRC) for PPP solution (CSRS-
PPP, 2004). It can process all types of data: code PPP as well as Phase PPP.  It processes single or dual frequen-
cy and it processes also static or kinematic data. But it is not possible to process the data as PDGPS (Schwieger 
& Schwieger, 2008). CSRS-PPP online service is one of the most famous PPP online services. This service is 
available on-line on the website of NRC (NRC, 2012). Figure 3 depicts the procedure of the online service. In 
this procedure the acquired data in Rinex format is uploaded to the website. Finally the results are sent to the 
user via e-mail with all solution details (CSRS-PPP, 2004).

Figure 2: GIPSY-OASIS processing flowchart 
(JPL, 2010)

Figure 3: CSRS-PPP online service technique 
(NRC, 2012)

3.3 Evaluation Methodology
The PPP solution was evaluated with respect to PDGPS. Regarding the accuracy difference values and RMSE 
were estimated.  

1- The difference values ( ji ,δ ) between the Leica Geo Office PDGPS results (M) as a reference solution 
and the PPP results (M’) as:

ji ,δ  = M - M’  ,         (3)

where i is the epoch number and j is the east, north or height directions.

2- The RMSE (Root Mean Square Error) indicates the accuracy of the measurements relative to 
the reference value for the total number of epochs n:

 ( )2
1

2
,,

1∑=
=

n

i jiji n
RMSE δ        (4)

3- The RMSE in 3 dimensions can be calculated on the RMSE of hNE RMSERMSERMSE ,, , that are 
the RMSE in east, north and height directions:
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222
3 hNED RMSERMSERMSERMSE ++=         (5)

4 data acquSItIon and analySIS
Two kinematic trajectories have been observed in Stuttgart, Germany. The data was acquired using the mea-
surement van of the Institute of Engineering Geodesy (IIGS), see Figure 4. The acquisition was carried out by 
using a LEICA GX1230+ GNSS receiver and a LEIAX1203+GNSS antenna with a sample rate of 1 second. 
The observations started with 60 minutes static data acquisition as initialization time. The static data was 
followed by 30 minutes of kinematic measurements. PPP solutions were evaluated with different periods for 
the initialization time (zero to sixty minutes) to establish the one needed to get reliable results. The toolkit of 
(TEQC) software was used to check the data quality and divide the static initialization time. Leica Geo Offi ce 
software was used to process GPS data for PDGPS solution with a virtual SAPOS reference station. The abso-
lute antenna phase center offsets were taken in consideration.

Figur e 4: IIGS’s Measurement van 

4.1 first data Set
The quality check of the observation data shows that the data has a high number of satellites and a little number 
of cycle slips. Figure 5 shows the kinematic track during the measurements. 

Figure  5: Trajectory of fi rst data set, Wasen Region, Stuttgart, Germany © Google Earth

4.1.1 CSRS-PPP Solution
CSRS online service was used to process the observation data with different initialization times.  RMSE val-
ues are shown in Figure 6. From 10 minutes initialization time CSRS-PPP gives an improvement in accuracy, 
which reaches 5 cm in RMSE for 3D after 60 minutes initialization time. The height coordinates are the most 
changeable parameters with different initialization time. Zero initialization time provides non probable solu-
tion.
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Figure  6: RMSE [m] for CSRS-PPP solution for fi rst data set

4.1.2 GIPSY-OASIS PPP Solution
The default tropospheric a priori standard formulas are used in this processing. Figure 7 displays the 
RMSE values; this indicates that GIPSY can provide a high accuracy level for kinematic solutions. 
The RMSE in east and north signifi cantly improved from 00 to 20 minutes initialization times.

Figure 7:  RMSE [m] for GIPSY solution for fi rst data set

4.2 Second Data Set
The data set had three cycle slips during kinematic measurement. These cycle slips affect the reference 
solution and the PPP solution, for more information; see (Abdallah, 2013).  For the kinematic trajec-
tory layout see Figure 8.

Figure 8: Trajectory of second data set, Wasen Region, Stuttgart, Germany © Google Earth

4.2.1 CSRS-PPP Solution
Figure 9 illustrates the RMSE values for CSRS-PPP solution in the east, north, and height. Furthermore it 
shows the RMSE in 3D dimensions. RMSE values for the horizontal directions (east and north) are from 3 to 
12 cm; RMSE for height direction is from 10 to 26 cm. The RMSE value in 3D reaches 10 cm with 60 minutes 
initialization time. The accuracy improved signifi cantly after 20 minutes initialization time. It seems that the 
realistic solution begins from 20 minutes initialization times. A long initialization time is helpful to solve the 
integer ambiguity. The initialization time also ensures the stability of the troposphere zenith delay (TZD in m) 
during the observation time. 
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Figure 9: RM SE for CSRS-PPP solution for second data set

4.2.2 GIPSY-OASIS PPP Solution

The processing binges with the standard tropospheric model. This model provides unacceptable results for 60 
minutes initialization times, where the 3D error is around 1.0 meter. Since the data has more problems during 
the observation; troposphere delay modeling in this case is the most challengeable parameter to solve. Some 
trails to model the troposphere delay. The Global Pressure and Temperature model (GPT), which computes 
the dry troposphere delay offers 3D error is around 0.80 meter. The two models do not meet the accuracy. Two 
other models were tested to improve the PPP solution as follows:

a) Gradient model
The gradient troposphere model can be estimated as a random walk process in GIPSY software. Figure 10 
depicts RMSE values of GIPSY-PPP solution for different initialization times using this model. The results 
improve signifi cantly from 20 minutes initialization times onwards as the fi rst stable initialization time. It is 
clear also that the height error is the most infl uenceable parameters by the initialization times. This solution 
introduces a better result than the static and GPT troposphere models.

 
Figure 10: RM SE for GIPSY-PPP (Gradient troposphere parameters)

b) Wet CSRS model
This trail aims to use the wet tropospheric values from CSRS-PPP online service, since the online service pro-
vides reliable results. CSRS-PPP estimates the total zenith delay (TZD) in meter. The dry tropospheric value 
will be used from GPT model (2.2519 m). The wet value is estimated by equation (6) as a function of the GPS 
time since J2000. 

GPTCSRSvalue TZDWet 2519.2−=     (6)

The wet parameters will be written as a function with time stamp in ‘tdp’ fi le to be inserted in GIPSY process-
ing. In Figure 12 RMSE values for east and north are at 5 cm level for initialization times from 10 minutes. In 
case of height the PPP result changes with different initialization times. Moreover RMSE values are below 15 
cm. It can be concluded that using of wet parameters from CSRS online service provide an acceptable accuracy 
in the three directions. It is an unpractical method to use data from the online service for the GIPSY software. 
The trail shows the possibility to get accurate results with the GIPSY software.
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Figure 12: RMSE  for GIPSY-PPP (wet CSRS model)

5 concluSIonS
In this paper, GIPSY-OASIS software and CSRS-PPP were used to determine a PPP solution. This solution 
was compared to PDGPS as reference solution. The assessment study aims to evaluate the effect of the 
initialization times on kinematic surveys. This initialization time starts from 00 minutes to reach 60 minutes. 
This static observation time was followed by 30 minutes kinematic observation. In this contest two data sets 
were acquired in Wasen region, Stuttgart city, Germany. 

The fi rst data set has a good data quality. GIPSY-OASIS software provides a high accuracy level in this case. 

The solution with 20 minutes initialization time gives an DRMSE3  of 7 cm. As well as GIPSY software CSRS-

PPP online service provides a stable result. It gives an DRMSE3  of 11 cm for 10 minutes initialization time and 
reaches 5 cm for 40 minutes initialization time. 

The second data set has more problems in the observation data according to the quality check. CSRS-PPP online 
service delivers a good solution. It delivers an RMSE for horizontal directions from 3 to 12 cm. Moreover 
it provides an RMSE for height direction from 10 to 26 cm. CSRS-PPP provides a reliable solution from 
20 minutes initialization times. That means this time ensures stability of integer ambiguity and tropospheric 
parameters. 

In case of GIPSY-OASIS software the standard solution does not provide a suitable result in this data set.  
Some trails were introduced to model the troposphere delay. Using GPT model to model the dry tropospheric 
delay does not provide a reliable result. The gradient model gives an improvement of PPP accuracy from 
20 minutes initialization time. Finally, using wet parameters from CSRS-PPP online service shows the best 
solution for this data set. RMSE values in horizontal direction are in 5 cm level from 10 minutes initialization 
time. Moreover, for height direction the accuracy reaches 10 cm levels. This trail is not a practical solution; it 
provides the possibility to reach high accuracy using GIPSY software.
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abstract
Precision farming systems become more and more common in modern agriculture, as they are able to optimise 
agricultural processes in order to save resources or increase their efficiency. Another important assignment 
of these systems is to document the agricultural production process. This becomes more important due to an 
increasing amount of laws farmers have to comply with.
These systems are collecting a huge amount of data like position, process related information or machine data. 
The data are rising constantly as the usage of precision farming systems is increasing within the agricultural 
sector. However, due to a lack of suitable algorithms for the analysis a numerous data is left unexploited. 
Therefore the Agro-MICoS system was developed. It aims to be an open and manufacturer independent 
precision farming system. Further goals are to develop both a system for the documentation of the complete 
farming process and an inexpensive solution suitable for small and middle sized farmers. This paper presents 
the concept of data processing and analysis within the Agro-MICoS project. 
The Agro-MICoS hardware provides several interfaces for obtaining information about its environment. In 
addition algorithms to analyse the collected but previously unused machine and process data will be written.
A fast and resource-saving method to extract data from the machine information network has been developed. 
It is able to capture the current machine state and allows a real time surveillance of the agricultural machine 
or long term analysis. Furthermore it provides the possibility to create own algorithms in order to evaluate the 
machine data. 
In the following the concepts of data extraction and capturing of the current machine state are introduced. 
Moreover first results of machine data evaluation are presented which demonstrates the potential of this 
analysis.

Keywords
Precision farming, documentation, CAN data, machine data extraction, capturing machine state

1 IntroductIon
This chapter gives a brief introduction into the situation of contemporary agriculture. Further it describes 
advantages and disadvantages of current precision farming system and finally presents the goals of the Agro-
MICoS project.

1.1 Situation in Agriculture
The situation in modern day agriculture becomes more and more complicated. Farmers are faced with several 
pressing issues they have to deal with. First of all they have to produce in a more efficient way, due to a rising 
competence caused by globalisation. Today farmers have to compete not only with local farmers but with 
farmers all over the world.
Secondly due to a proceeding greenhouse effect several laws are passed. They affect the work of the agricultural 
sector. An increasing amount of environmental restrictions forces the farmer to cut down the emission of 
greenhouse gases. The farmer has to reduce the energy consumption of the agricultural processes and the usage 
of fertilizers. Nonetheless, this burden is also a chance, because working in an ecological way often means 
saving energy or resources which mostly means financial saving too. 
Additionally many governments passed laws addressing the food safety. Hence, the farmers have to document 
their harvest in order to comply with these laws, which cause an additional effort to every farmer.
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1.2 Precision Farming Systems
Precision farming systems support the farmer to meet all these requirements. These systems are able to optimise 
the usage of fertilizer, log the position of an agricultural machine and help the farmer to make his production 
processes visible. As they have plenty of advantages, the dissemination of precision farming systems is 
continuously increasing.
However, there are still some obstacles for many farmers to use such systems. The purchase of precision 
farming hard- and software is still quite expensive. Especially small and middle sized farmers lack sufficient 
funds for these systems, not knowing exactly about the gained benefits. Additionally available precision 
farming systems are proprietary. Thereby manufacturers force the farmer to purchase costly machines from 
them exclusively. 
Furthermore there is no precision farming system giving the user the chance to provide own features or 
algorithms for evaluation of machine and agricultural data. 
Existing precision farming systems collect a huge amount of data like position, process related information or 
machine data. The amount of data is rising constantly as the usage of precision farming systems is increasing 
within agriculture. However, numerous data is left unexploited because of a lack of suitable algorithms. 
Especially machine related data, which can be extracted from the machine information network, is left unused.

1.3 Goals of Agro-MICoS
The project of Agro-MICoS, funded by the German Federal Ministry of Food, Agriculture and Consumer 
Protection, aims to develop an open and manufacturer independent precision farming system. Its main goal is 
to create a holistic and process oriented information management solution for precision farming and energy 
efficiency of machines. The system should be inexpensive compared to proprietary precision farming solutions 
and for that reason it is especially suitable for small and middle sized farmers. 
A hard- and software system is being developed, providing all common features for precision farming, such 
as a GPS-, GSM- or radio-interface. Also the system should be able to collect machine data from the machine 
information network. 
The goal of the developed system is to document the complete farming process in order to comply with all 
given product liability acts. A global server, provided by the project participant Agri Con, is suppose to create 
a graphical user interface to visualise all collected and estimated data for the farmer. 
In addition to that the projects aim is to use the collected machine data more intelligent. For instance the 
project aims to reveal the energy consumption within the farming process. This helps the farmer to analyse and 
optimise the agricultural production processes in order to save fuel. And saving resources means both, saving 
money and protecting the environment.
One important goal of the Agro-MICoS project is to develop improved software algorithms addressing the 
CAN data evaluation. The algorithms have to reduce the amount of collected data without losing important 
information. 
Furthermore the system should be able to capture the current machine status. This information allows several 
machine related analysis. Therefore algorithms have to be developed in order to optimise the machines energy 
consumption and to provide condition dependent advises about the machine maintenance. The Agro-MICoS 
system should allow the user to create own machine manufacturer-independent analysis methods easily, based 
on common CAN bus standards.
This paper shows the approach of the Agro-MICoS project to develop a system allowing the inclusion of user-
generated analysis functions based on CAN bus messages. It presents the concept of data flow in the Agro-
MICoS system. Furthermore it introduces the Agro-MICoS hardware, the developed software to log CAN data 
and gives examples to emphasis the possibilities of short and long term analysis algorithms executed by the 
Agro-MICoS system. Finally the paper describes some field test results and the testing of the new hard- and 
software within a hardware-in-the-loop set up.

2 concept
In the following chapter the conception of the Agro-MICoS system is defined. The systems environment is 
explained followed by an overview of the data flow in order to visualise the concept to the reader.
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2.1 Concept of Agro-MICoS
The Agro-MICoS system provides broadly equipped hardware for precision farming. Due to a GPS sensor 
the current position is recorded. This allows the documentation of the harvest. The concept is to provide the 
possibility to add user-defi ned analyses functions easily to meet the aim of using the collected data more 
intelligent but also to develop an open precision farming system. 
In addition to that the Agro-MICoS system is based on common standards like ISO 11783 (ISO) or SAE J1939 
(SAE), making the system manufacturer independent. Almost every modern agricultural machine complies 
with these standards, at least some essential signals can be found on the CAN bus. Unfortunately not all 
sensors or electronic control units are sharing their measured values conform to these standards. Because of 
that the system should be able to add sensors in order to create an expendable system and to measure values 
which cannot be gained from the machine bus.
Using a set of commonly used ISOBUS or SAE J1939 signals gives the opportunity to create observation 
or analysis methods running completely independent from the actual machine. For instance, most machines 
provide CAN messages about the engine speed and the current fuel consumption. Combined with information 
about the current position this allows plenty and powerful analysis opportunities. One example is presented in 
chapter 4.

Figure 1: This fi gure shows the system environment of the Agro-MICoS project. 

2.2 System Environment
The Agro-MICoS system (fi gure 1) consists of an embedded system, mounted on an agricultural machine in 
order to log agricultural and machine related data. The embedded system, called Agro-MICoS Box, collects 
a variety of information. It logs the current position and also the information running on the CAN bus. These 
messages consist of machine related data like SAE J1939 and agricultural data from the ISO11783 standard.
The Agro-MICoS Box provides the opportunity to add further sensors to the system. All additional information 
can be included through a second CAN interface by providing and connecting certain sensors to the system. 
Furthermore this enables farmers with old machines to modernise their machines.
The Agro-MICoS Box is collecting and pre-processing all information. The data is stored on the box at fi rst. 
Due to a lack of resources all data is transferred to the global database, called AgriPort. It is developed by the 
project partner Agri Con and addresses beside storing and processing data, a high usability. The farmer should 
be able to analyse his processes without being bothered with complex statistics. 

2.3 Process fl ow
The process of the Agro-MICoS system is divided in three different phases (see fi gure 2):

1. Confi guration
2. Data logging, elementary processing and observation
3. Post-processing and long-term analysis

The box has to be confi gured before connecting to an agricultural machine. This is done by a confi guration tool 
with graphical user interface. This tool is connected with the machine database, containing information about 
all available machines including all known CAN data running on a single machine.
The user selects the machine on which the box is attached. Then he receives a list of available CAN signals 
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and analysis methods depending on the selected machine. Now the user chooses all signals and analysis or 
observation functions he intends to collect or be executed during the operation of the machine. Furthermore 
he is able to create own methods, algorithms or a combination of certain signals. Finally a configuration file is 
generated with the users’ preferences.

Figure 2: This picture visualises the flow of data through the Agro-MICoS system. 

This configuration file has to be transferred to the Agro-MICoS box and contains all necessary information. 
The box collects all required CAN signal in order to meet the user defined configurations. These signals are 
processed during the operation of the machine and saved on the box. The box does not have the resources 
to save the log files over a longer period of time because of a limited memory. Furthermore complex post 
processing algorithms can’t be done on the box too. Due to this the saved log files have to be transferred to the 
data server in order to do all post-processing algorithms, visualising the results and storing the data. At this 
stage the box does several tasks in order to reduce the size of the transmitted data. 

3 ImplementatIon
This chapter presents some detailed information about the Agro-MICoS box. Furthermore the new program 
to log CAN data is introduced, called ‘canlogger’. Finally the machine data analysis functions are explained.

3.1 Hardware
The Agro-MICoS box, developed by the project partner LogicWay, should be a basic component to do all 
possible precision farming tasks.  To meet this demand, there are several constraints to be fulfilled. The 
most important information for every precision farming application is the current position of the agricultural 
machine. Therefore a GPS-interface is provided. Furthermore the Agro-MICoS hardware needs to provide 
interfaces allowing a communication with the data sever. Therefore two possibilities are designated. The radio 
interface transfers data from the machine to a local server where it is send to the internet and the GSM-interface 
is able to transmit the data in real time to a global server.
Furthermore one CAN interface receives CAN bus information from the machine information network. A 
second one communicates with other devices, for example additional sensors or an ISOBUS terminal. 
Additionally several interfaces are provided for maintenance or development tasks, like an Ethernet, an USB 
or a RS232 interface.
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Figure 3: Overview of provided interfaces of the Agro-MICoS box

The box itself is an enhanced version of the LaSeKo-box (MEYER et. al.), the former project of Agro-MICoS. 
The LaSeKo-project introduced the radio communication. For further information regarding the communication 
via radio see (RUSCH). It is equipped with an ARM Cortex A8 CPU with 256MB RAM and a micro SD card 
as flash memory. In order to create an open system the box uses Linux as an operating system, allowing 
everybody to develop own programs.

3.2 CAN Data Evaluation
An important goal of the project is to reduce the size of log files without losing relevant information. A smaller 
log has several advantages like lower costs sending it via GSM or a faster transmission via radio which is 
essential due to the short time span a radio connection can be established in some cases. Furthermore it saves 
memory space allowing to observe a longer time span.

Figure 4: Concept of the canlogger software.

CAN messages are received with a frequency of up to a few milliseconds. If all data is logged, the size of the 
log file is enormous. This log may contain information the user is not interested in or cannot interpret, like 
proprietary signals.
Therefore a new CAN data evaluation program was developed in order to reduce the size of logged data and 
also to provide further possibilities in evaluating the measured data and observing specific signals in almost 
real time.
Every CAN message runs through several levels of processing (see figure 4). First, the CAN data stream is 
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filtered. Only messages the user is interested in proceed to the next level. Thereby unreadable, proprietary 
messages or less interesting messages are not part of the log file. CAN messages consist out of several signals. 
In the next step the signals are extracted out of the message and all user specified signals reach the next level, 
all other are discarded. Furthermore only valid signals are saved. The validity is checked by comparing the 
signals with the possible ranges given by the SAE J1939 and ISOBUS standard.
After this step the amount of signals is reduced and converted to the required format. Now they are either 
saved in the log file or used for further processing. This mostly means a huge reduction of memory space. 
Either a signal is written raw to the log file or several common operations can be executed, for instance mean 
or variance. The canlogger software logs a value per second by default. Most signals like the temperature do 
not have to be logged in a higher frequency. To keep the loss of information as low as possible an average over 
a signal can be build. Also the variance can be estimated in order to recognise heavy variations.
Optionally a signal can be mapped in a range. This leads to a more simple evaluation, for instance if the engine 
speed is mapped into several load states, idling mixture, low-, medium- and high load. Moreover the allocated 
memory of a signal can be reduced.
In the last level all logged or processed signals or ranges can be input parameters of user defined logical 
operations. This allows building complex observation functions out of several signals, for example observing 
the fuel capacity and alarm the machine owner at an early state if the machine runs out of gas. Finally the 
generated log files are compressed with gzip after a certain time span. After compression the files are ready to 
be sent to the server.

3.3 Machine data analysis
One of the main goals of this project is to create algorithms in order to use the collected data more reasonable. 

3.3.1 Short term analysis/observation
Short term analysis is the observation of the current machine state. It is the analysis of momentarily measured 
values without using data from the memory. For example the farmer logs into the database and all relevant 
information of his machines are presented in real-time. Those information could be common information like 
the current position but also more complex values provided and estimated by the Agro-MICoS canlogger 
software, for instance if the machine exceeds a specified load area.
This software and its configuration tool play the key part in analysing machine data. Logged signals, ranges 
and algorithms are specified in the configuration tool. 
Currently several short-term analysis algorithms are developed as an example to demonstrate the variety of 
possibilities and the usage. The user is able to choose several signals, optionally map those signals into ranges 
and put them in logical operations in order to estimate a specific state or value. One example of a logical 
operation is the evaluation of the battery condition in relation to the temperature. This function uses two 
common CAN signals, the battery potential and the value for ambient air temperature. The battery potential 
rises as the temperature rises, the functions estimates three different states like a traffic light to represent the 
condition of the battery. A red light marks a bad battery condition caused for instance by a high temperature 
with low voltage. The visualisation, which is not yet implemented, is done by the global database.

3.3.2 Long term analysis
The most reasonable issues to be analysed like energy consumption or the machines health cannot be estimated 
in short term analysis. Those data have to be saved over a period of the whole agricultural production chain or 
better yet, over the whole machine life.
One example of long term analysis gives a dissertation in context of this project (VON TOLL). CAN signals 
of different agricultural machines were used to evaluate the machines energy consumption and the machines 
load. Algorithms were developed using engine speed, fuel consumptions, torque mode and engine load. 
Those signals were provided by the SAE J1939 standard and were collected on the CAN bus of agricultural 
machine. Within this work CAN data were collected in field tests. Based on this data several long term analysis 
algorithms were developed, visualising energy flows in the farming process. Some results are briefly presented 
in the following chapter. 
This work can be seen as an example of long term analysis in context with the Agro-MICoS project. These 
algorithms could be ported easily to run on the new software in order to log the CAN signals. Furthermore the 
evaluation and visualisation have to be implemented on a global server which is not finished yet. 
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4 reSultS 
This chapter is about the tests of the CAN data extraction software, called canlogger. Furthermore it presents 
the results of long time analysis of CAN data.

4.1 Canlogger test
In order to test the developed canlogger software and to evaluate its potential, a hardware-in-the-loop 
experimental set-up is used. The machine information network of an agricultural machine is emulated by the 
Vector Informatik software CANoe, version 8.1. This is a CAN test environment; it is able to send specified 
CAN signals to a hardware device. A laptop with CANoe is connected to the CAN interface of the Agro-
MICoS box. The previously introduced canlogger software is used to log and process the CAN messages, sent 
by CANoe. 
A simulation was set up to test two major aspects of the canlogger, the rate of data reduction compared to 
the previously used logging software and to validate the analysis and observation functions. The simulation 
consists out of five CAN messages containing overall seven signals sent in different frequencies from 33 to 
1Hz to the Agro-MICoS box. The simulation runs 10 minutes.

Figure 5: This plot shows the speed and the fuel rate simulated by CANoe.

Figure 6: This figure presents the logged results.

4.1.1 Data reduction
Considering the data reduction the new developed software needs 16.5kB compared to 2.6MB of the formerly 
used software. The old software logs every CAN message, even if they are proprietary or not valid. This raises 
the amount of allocated memory, especially on a real machine where more messages including proprietary 
ones can be found. 
Of course this enormous potential of memory saving cannot be achieved without any disadvantages. The new 
canlogger saves only signals defined in the configuration file and also just one value per specified time interval 
which is one second by default. The signals running on a machine have to be detected before generating a 
configuration file for the canlogger.
But using the canlogger on machines, already included to the machine database, reduces the amount of saved 
data to a huge amount. This leads to lower costs sending data via GSM. It also reduces the time span needed to 
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transmit the information which is especially important to data transmission via radio.

4.1.2 User-defi ned functions
The canlogger was confi gured to log all occurring signals within the simulation, as well as the current time and 
GPS position. Additionally it should build the mean of three signals. In order to validate user-defi ned functions 
an algorithm was implemented. This algorithm recognises if a machine - like a combine harvester - is working. 
The result fl ag “working” is true, if the speed is between 4 and 12km/h, a usual speed for harvesting and the 
fuel consumption is from 19l/h up to the maximum possible. The function uses the mean of both signals, wheel 
based speed and fuel consumption, maps them into ranges and use logical operations to compare the ranges 
according to the assumed working areas. 
In fi gure 5 and 6 all occurring signals are printed. On fi gure 5 the CAN messages sent by CANoe are visualised. 
On the lower plot (fi gure 6) the logged data is printed. The blue “working”-fl ag changes from false to true if 
the defi ned conditions are met.
In this simple simulation the functions turns out to work proper. However, the reality is more complex. To 
exclude a set “working” fl ag at low speed or an acceleration of the machine pos-processing should be done. 
For instance the “working” fl ag should only be true, if it is longer than 10s set. Naturally the function has to be 
adapted to the power of the machine.

Figure 7: Fuel consumption with power hyperbola.

4.2 Results of long term analysis example
The work representing the capability of Agro-MICoS to perform long time analysis is presented briefl y in the 
following section. 
In the doctoral thesis (VON TOLL) mentioned above the CAN data on different agricultural machines and 
manufacturers was logged over a period of one and a half year on a farm in northern Germany for the complete 
grain production chain. This was done by an old version of the Agro-MICoS box and previous software to 
log CAN data. These data had to be processed, visualized and analysed with the standard software solutions 
DIAdem and MATLAB. 

Figure 8: Plot representing the machine load during a specifi c task.
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The results, all generated out of four collected CAN signals, the time and the position of an agricultural 
machine, visualises the energy flow in the farming process. One example related to the capturing of the 
machine state highlights the machine load during one specific task (see figure 7 and 8). Both figures visualises 
the same production process, a 269 kW tractor with a broadcast spreader fertilizing a field. This task lasts one 
and a half hour. The first plot presents the total fuel consumption of the agricultural machine in certain load 
points. The graph reveals that the maximum power of the machine almost never was used. Figure 8 presents 
the time the machine operated in specific work load areas. The machines work load was almost never at its 
maximum. These tow diagrams could therefore be a hint for the farmer to use a machine with less power in 
order to save fuel or even capital costs if the high power machine does not need to be purchased. It is further 
more sustainable for the soil to use a machine with lower weight.
In (VON TOLL, MEYER) more examples visualising the energy consumption in three different levels have 
been developed and interpreted; subdivided into the production process, the working process and the machine 
level. These algorithms allow the farmer to identify fuel reduction potentials and optimise his entire production 
as well as working processes.
The new canlogger software helps to accelerate the process of data processing because it does several tasks 
which had been done by hand in this thesis. Furthermore the visualisation is supposed to be done automatically 
by the global database server.

5 Summary
This paper introduced the concept of Agro-MICoS to collect and process data during the work of agricultural 
machines. The Agro-MICoS box is able to capture incoming CAN messages, process and store them. As 
compared to the former used software to log CAN messages the size of log files is greatly reduced and still 
all important information are reliably logged. This reduction lowers transmission cost and time, which is 
especially for the transmission via radio very important.
Furthermore the new software enables an experienced user to create own evaluation functions based on SAE 
J1939 and ISO11783 conform CAN signals. These functions allow an improved observation and evaluation of 
agricultural machines as emphasised with several examples addressing short and long term analysis. Finally 
the Agro-MICoS box including the canlogger is tested in a hardware-in-the-loop set up. This test present the 
great data reduction potential and the possibility to use own evaluation functions with the box.
The next step in the development of the Agro-MICoS project will be the interface between the box and the 
database. The evaluation functions should be visualised automatically by the database on a web interface. Also 
the functionality of long term analysis has to be provided by the database and the configuration tool.
Additionally the new canlogger software has to be tested in cooperation with the Dresden institute of technology 
in field tests on real agricultural machines.
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abstract
This paper presents a new approach to the 4D aircraft trajectory conflict detection problem that is based on 
several techniques from computational geometry. Within the envisaged future air traffic management system 
the conflict detection and resolution process shall be based on completely spatiotemporally determined flight 
paths in order to enable global optimizations. This global scope incorporates a significant additional amount 
of complexity into the system which shall partly be mitigated by the application of appropriate automation 
tools supporting human air traffic controllers or, regarding certain tasks, replacing them completely. Those 
automation tools are facing a huge amount of data that needs to be processed in many cases in real-time. 
Especially the automatic conflict detection of different trajectories can benefit from the application of 
complexity reduction algorithms that have been investigated within the field of computational geometry and 
have been applied mostly on 2D or 3D problems. We assume two different approaches for conflict detection. 
A first one divides the conflict detection in two phases. The so called broad phase tries to reduce the number 
of needed pairwise trajectory comparisons by the application of space decomposition techniques like R-trees, 
which are well known from geo information systems. A subsequent narrow phase performs the pairwise 
comparisons. Hierarchies of bounding volumes are applied to that phase in order to increase its efficiency 
by reducing the number of needed pairwise state vector comparisons. For both phases algorithms mainly 
applied to spatial problems were extended for the given spatiotemporal data. The second approach performs 
the collision detection in a single phase by again applying space decomposition techniques but this time on 
the overall set of aircraft state vectors. Experiments using data sets representing the complete air traffic over 
Europe within the timespan of one day proved that significant improvements in runtime efficiency compared 
to two different baseline algorithms can be achieved. Furthermore, the results provided experimental evidence 
that the performance of the implemented approach compares quite favorably with solutions from other research 
projects targeting the same problem.

Keywords
Computational Geometry, Air Traffic Management, Trajectory Based Operations, Bounding Volume Hierarchy, 
Space Decomposition

1 IntroductIon
Automatic conflict detection is an important technical enabler for the envisaged trajectory based operations 
(TBO) concept of the future European air traffic management (ATM) system. A paradigm change from a 
tactical conflict detection and resolution (CD&R) on local scope towards a strategic approach, which takes 
the global airspace system performance into account, incorporates a higher degree of system integration and 
therefore complexity. Furthermore, the new processes are based on continuous negotiations and adaptions of 
the spatiotemporally determined flight paths between airspace authorities, airlines and cockpit crews, requiring 
a frequent and timely processing of possible conflicts in order to provide sufficient safety. Regarding the whole 
European airspace, more than 30 000 flights are operated on days of high demand. Brute force CD methods 
are very likely to fail the time constraints introduced by safety and usability aspects. The investigation of 
more sophisticated algorithms and data structures from the field of Computational Geometry (CG) and their 
application on the 4D trajectory conflict detection problem are therefore regarded as potentially valuable.

1.1 Contributions of this paper
This paper presents the results of theoretical considerations and empirical investigations concerning the 
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application of methods from the domain of computational geometry on the 4D trajectory CD&R problem. 
The used approach was described in an earlier publication [BODE2013] but improvements of the already 
implemented methods and further algorithms have been realized since then.

So far different types of bounding volumes (BV) and hierarchies of BVs were used to approximate objects like 
trajectories and weather phenomena in the space-time domain in order to reduce the computational complexity 
of pairwise object comparisons. A preceding filtering step applied data structures used for space decomposition 
(R-trees and Interval-trees) to reduce the number of needed pairwise interference tests. Previous investigations 
proved that this approach results in a remarkable reduction of runtime needed to perform the conflict detection 
within sets of about 30 000 trajectories. One of the performance bottlenecks of the former approach is the 
time needed to access the trajectory data stored on the hard disk. To solve this issue a new strategy based on a 
single step collision detection has been developed and implemented. While the technique needs less separate 
hard disk read operations when stored and accessed as a common in-file database, it is even possible to keep 
the index structure in main memory, even for the regarded larger data sets, resulting in a further performance 
increase of the CD process.

The developed data structures and algorithms were applied on sets of simulated random traffic scenarios, 
which are based on real traffic demand data. Their performance concerning runtime efficiency and memory 
consumption are compared to former developed methods as well as to base line algorithms and results from 
other research projects. Furthermore, hardware independent metrics like the number of needed state vector 
comparisons are regarded for a thorough evaluation of the described techniques.

1.2 Related Research
Many research projects targeting CD&R have been conducted in the past [KUCHAR2000] but most of them 
did not regard a strategic scope of the problem, because CD&R in ATM is traditionally split up in strategic 
conflict prevention (air traffic flow management, ATFM) and tactical conflict resolution (short term aircraft 
separation management). In contrary, the intended concept of operations of future ATM as it has been defined 
within the Single European Sky ATM Research program (SESAR) comprises a seamless CD&R process 
[SESAR2007]. Significant research concerning the CD of 4D trajectories or moving objects dates back to 
the late 1990 [CHIANG1997, KLOSWSKI1998, ISAACSON1998] whereas activities directly referring to 
the ATM TBO concept have been conducted within more recent projects during the last 5 years [RUIZ2011, 
KUENZ2011].

A commonality of the found solutions is a complexity reduction of the original problem by the application 
of some well-known approaches from the domain of Computational Geometry (CG). As those algorithms 
and data structures are often designed to solve spatial problems in 2D or 3D space, they must be extended 
to support the regarded space-time domain, which might incorporate issues concerning their computational 
complexity exceeding the available processing resources. Divide and Conquer offers another possibility, by 
subdividing the 4D problem into separate less dimensional problems, applying the original methods on those 
and finally combining the solutions of the smaller problems.

This paper regards two different approaches concerning the complexity reduction of the CD problem. A first 
strategy splits the CD into two phases. A first, broad phase determines the objects that need to be considered 
by a second, narrow phase, which performs the pairwise object comparisons. While the broad phase facilitates 
spatial decomposition, bounding volumes are used in the narrow phase to approximate the complex objects 
in order to reduce the costs for pairwise comparisons. The second approach does not regard trajectories as 
separate objects and instead applies space decomposition methods directly on the state vectors, the trajectories 
consist of. The CD is performed in a single phase. Advantages and disadvantages of both approaches will be 
discussed in detail later.
Examples for spatial decomposition techniques based on hierarchical data structures are Quad-, Oc- and 
Hexadecimal-trees [KUENZ2011], different variations of R-trees [BECKMANN1990, ARGE2004], M-trees 
[CIACCIA1997], and other spatial or time-spatial indexes. Those techniques divide the space, occupied by 
the regarded objects, into smaller sub spaces and only those objects need to be compared with each other that 
are contained within the same or neighbored sub spaces. Another approach that tries to reduce the number of 
needed pairwise object comparisons are nearest neighbor graphs [EPPSTEIN1997, CONNOR2008]. Data 
structures like Voronoi diagrams [AURENHAMMER2000] have already been applied in the field of ATM 
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research [CHIANG1997].  Nearest neighbor graphs enable a CD algorithm to efficiently determine objects 
that are in the vicinity of others. Thereby, the number of needed pairwise comparisons is reduced by excluding 
objects that are too far away for a potential conflict. Hashing algorithms that map 3D or 4D coordinates directly 
to memory addresses where occupancy information are stored are another possibility of space decomposition 
[RUIZ2011]. An advantage of that kind of algorithm is, that the information whether a certain volume of 
space is occupied or not can be retrieved in constant time. On the other hand there is always a trade off 
between access times and memory consumption if hashing is regarded. If the hashing function produces too 
many collisions, meaning that many coordinates are mapped to the same hash table address, access times 
grow, and in the same time the efficiency of this data structure is reduced. It is therefore of interest for those 
techniques to find a good hashing function that fits the processed data. CD algorithms using bounding-volumes 
to approximate the actual objects are well known and have been applied in different research sectors. Some of 
those techniques have already been applied within ATM research projects but there is less work regarding 4D 
trajectories. Different types of BVs include axis-aligned bounding boxes (AABB), object-oriented bounding 
boxes (OBB), discrete orientation polytopes (k-dop) and other geometrical primitives that can be efficiently 
checked for intersections.  The different BVs differ in how good they fit a given object (meaning how much 
empty space is contained within the enclosing volume) and how expensive the intersection tests are. Using 
hierarchies of bounding volumes to provide a better fit of objects is a natural extension of the described 
approach. Those data structures divide up a top level BV into smaller ones which enclose only a subset of 
the geometrical primitives the original object consists of. Box-trees [VAN DEN BERGEN1998], OBB-trees 
[GOTTSCHALK1996, GOTTSCHALK2000] and trees of k-dops [KLOSWSKI1998] are examples of prior 
projects using different types of BV-trees.

The further sections of the paper are organized as follows: Section 1.3 describes the used simulation environment 
and its capabilities. Section 2 gives a short introduction into the already developed approaches and the overall 
single and two phase collision detection strategies. The newly developed methods, an evaluation of their 
scalability with the amount of input data and results from experiments with real sets of trajectory data are 
presented in sections 2.1, 2.2 and 2.3. The results are further discussed in section 3 and an outlook on possible 
improvements is given in section 4.

1.3 Simulation Environment
The presented algorithms have been implemented and evaluated using a simulation environment that is 
capable of generating random flight plans based on sets of real capacity data (provided for several days 
of 2012 by Eurocontrol), creating aircraft trajectories based on the BADA aircraft performance model 
[EUROCONTROL2011] and performing different benchmarks in order to evaluate the performance of the 
collision detection methods. Especially the chosen approach of not using recorded tracks from real flights 
and instead using generated data enables the environment to provide the CD algorithms with input data that 
better fits the forecasted appearance of future trajectories in terms of routing (more direct, less depending 
on predefined routes and waypoints during en-route flight phase) and their distribution over the regarded air 
space. A sufficient degree of realism (in terms of spatiotemporal distribution of aircraft) is preserved by using 
the demand data that reflects common aspects of the current ATM system like e.g. the hub and spoke concept 
[EUROCONTROL2014].

State vectors and bounding volumes as well as further meta information are stored within in-file databases 
(SQLite) and several data exporters exist in order to visualize trajectories, altitude and speed profiles, benchmark 
results etc. This allows the simulation environment to handle large sets of trajectories without exceeding 
the available main memory of a standard PC. An example scenario for one day consisting of about 30 000 
trajectories with a 0.2 Hz sample rate for state vector recordings, including all generated indices for collision 
detection consumes approximately 20 GB of hard disk space. For the sake of runtime performance it is possible 
to load some of the indices used for CD into in-memory databases which reduces time-consuming hard disk 
access operations to a minimum to the cost of increased main memory consumption. So far all algorithms 
are running single-threaded. Due to the kind of data structures used (most of them are trees) parallelization is 
expected to be valuable to improve on runtime performance. This will be the topic of future enhancements and 
investigations.

2 collISIon detectIon
As already mentioned, two different approaches are used with the goal of a complexity reduction of the 
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4D trajectory CD problem. The first approach follows a strategy proposed by Hubbard [HUBBARD1995, 
LUQUE2005] that divides the CD process into two separate phases. A first broad phase filters these objects that 
do not need to be considered by a subsequent narrow phase which performs the pairwise object comparisons. A 
straight forward example of a broad phase technique would be the exclusion of trajectories from the pairwise 
comparisons with a reference trajectory if the time stamp related to its last state vector marks a time earlier 
than that of the first state vector of the reference trajectory. Our approach is based on the application of space 
decomposition to identify those trajectories that occupy a volume of the regarded space-time that is disjoint 
from the volume the reference trajectory occupies. As the narrow phase performs the pairwise comparisons 
on a state vector basis, methods are applied that try to reduce the number of those state vector tests. We use 
bounding volumes and bounding volume hierarchies that approximate the complex geometrical objects.

The second approach performs the complete CD process within a single phase that facilitates space 
decomposition applied on all state vectors regardless of separate trajectory objects. Theoretical considerations 
and evaluations based on hardware dependent and independent parameters showed that both approaches yield 
some advantages over the other. While the two phase approach has a better theoretical performance regarding 
the total number of state vector comparisons, the single phase strategy performs better in terms of real runtime, 
which is strongly dependent on implementation aspects like e.g. number of hard disk operations.

2.1 Broad Phase Indexing
If a single trajectory t

new
 shall be checked for conflicts with all other m trajectories t of a set of trajectories 

T, m pairwise interference tests are needed. That is, amongst others, the case for newly planned or updated 
trajectories that shall not interfere with already planned and negotiated ones. If the complete set T is tested 
for possible conflicts a total number of  m2 + m;2 pairwise trajectory comparisons are needed. This equates to 
a theoretical complexity of O(m2). This quadratic complexity becomes a problem if large sets of trajectories 
shall be tested for conflicts. An example set of 30 000 trajectories, which corresponds to a day of high traffic 
demand within European airspace, would result in about 450 million pairwise comparisons for the bulk loading 
problem. An average execution time of 0.1ms for each pairwise conflict test would take the application more 
than 12 hours to finish the conflict detection. The simpler case of testing a reference trajectory for conflicts with 
all others would take 3s, which is still a long time if one regards the fact that conflict resolution and presentation 
of the results would add additional waiting time for a user of the automation system who relies on its results.

Those examples depict that more sophisticated strategies should be applied to the problem in order to reduce 
the number of needed pairwise interference tests. Space decomposition techniques have been widely used in 
prior projects that dealt with conflict detection. Most of these techniques have been applied to one-, two- and 
three-dimensional spaces (e.g. [WIELAND2001]) whereas only few of them have been extended to four- and 
higher-dimensional problems. The hexadecimal-tree data structure presented by [KUENZ2011] is an example 
of a space decomposition technique that has been applied to the 4D trajectory conflict problem. Within that 
approach the 4D problem space is represented by a 4D hypercube whose dimensions in space represent the 
regarded airspace and whose dimension in time covers the corresponding time interval (a few hours, a day, 
etc.). This hypercube is recursively subdivided into 16 smaller hypercubes for each deeper level of the created 
tree data structure. The further splitting of tree nodes is aborted when the volume of the hypercube of a node 
is below a given threshold (e.g. the targeted separation minimum) or it contains only one or no trajectories. 
Regions with low traffic density are therefore represented by only few hypercubes with a large volume, whereas 
regions with a higher density are further subdivided resulting in a higher tree. The authors state that they can 
perform the conflict test of a single trajectory against a set of 10 000 others within 25ms and the test for the 
complete set within less than 5 minutes [KUENZ2011].
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Figure 1 Axis-aligned bounding box of a not well aligned trajectory connecting Paris Charles de Gaulle (LFPG) 
and Antalya Havalimanı (LTAI).

Within [BODE2013] we introduced an approach for the broad phase that is based on the subsequent application 
of Interval-trees [DE BERG2008], to exclude trajectories from the narrow phase that do not overlap temporally, 
and R-trees [GUTTMAN1984], to exclude trajectories that do not overlap laterally. Experiments showed that 
both data structures performed quite favorably reducing the original set of trajectories by approximately 85% 
on average while the time consumed by the broad phase did not exceed the saved execution time by the 
reduced number of narrow phase comparisons. One drawback for this approach is the subsequent execution of 
queries on both data structures and the following merge operation of the two result sets returned. We therefore 
extended the R-tree approach by using the 4D axis-aligned bounding boxes of the trajectories as input (hyper-) 
rectangles. This way, only one query and no merging of two different result sets needs to be performed.

Experiments with a dataset of 13200 trajectories showed that the new method results in a further increase in the 
number of trajectories excluded from the narrow phase compared to the method of subsequently applying the 
Interval-tree and lateral 2D R-tree by 2% on average. A more remarkable result of the 4D R-tree is that while 
the number of excluded trajectories is only increased slightly, the execution time compared to the combined 
method is reduced by a factor of 15.

The used axis-aligned bounding boxes used to represent the spatiotemporal distribution of the trajectories are 
one major disadvantage of the 4D R-tree. Those boxes don’t fit trajectories very well whose state vectors are 
not aligned in parallel to the main coordinate axes of the used coordinate system (Cartesian earth-centered 
earth-fixed WGS84). See Figure 1 for an example of a trajectory that is not fit well by its lateral AABB. 
For this kind of trajectories the broad phase could exclude less narrow phase tests resulting in an increased 
execution time. The R-tree used within the later described single-phase approach mitigates this problem by 
using bounding volume hierarchies as input.

2.2 Narrow Phase
This paper assumes that a 4D trajectory t is represented by a set S of l aircraft state vectors s. Each state 
vector s contains at least information about an aircraft’s 3D position and is related to exactly one point in time. 
For each point in time there exists exactly one state vector s describing the aircraft’s state at this certain point 
in time. Every set S is sorted by the time in ascending order.

Two trajectories t
1
 and t

2
 interfere if the distance between any two state vectors of their corresponding sets of 

state vectors S
1
 and S

2
 is below a defined threshold. A straight forward interference test would have to check 

the distance for all l
1
 state vectors of S

1
 against all l

2
 state vectors of S

2
 resulting in l

1
∙l

2
 pairwise state 

vector comparisons or in Landau notation O(l1 ∙ l2). A first improvement of the brute force solution is achieved 
if the aspect that state vector sets S are sorted by time in ascending order is taken into account. The interference 
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check regarding a state vector s1j of S
1
 might be aborted as soon as the timestamps related to the state vectors 

s
2k

 of S
2
 become bigger as those of s

1j
 plus the value of a given time difference threshold. Furthermore, the 

more expensive checks for the lateral distance might be skipped as long as the timestamp of s1j is smaller than 
the timestamp of the state vectors of S2 minus the time threshold. The worst case complexity of this approach 
is O(l1 + l2). Experiments proved the theoretical expectations when both algorithms were applied on different 
sets of trajectories (e.g. a reduction of pairwise SV comparisons by a factor of 6700 within a set of more than 
27000 trajectories with an average of about 2100 state vectors each) [BODE2013].

A further improvement is achieved by the application of bounding volumes and hierarchies of bounding volumes. 
Different types of BVs were chosen, extended for the 4D problem and implemented in order to determine which 
approximates the geometrical appearance of fl ight trajectories the best. Axis-aligned bounding boxes (AABB) 
(Figure 2.a) have the lowest complexity for their construction and the interference tests but don’t fi t objects 
well, that are not aligned to the main coordinate axes. Oriented bounding boxes (OBB) (Figure 2.b) are rotated 
boxes that provide a better fi t for such objects. A technique based on the determination of the covariance matrix 
of the spatiotemporal distribution of a trajectory’s state vectors is used to determine the rotated coordinate 
axes of the OBB. The interference test is based on the separating axis theorem [GOTTSCHALK1996] and 
incorporates a higher degree of complexity and is therefore more expensive in terms of runtime. Another 
approach which is a generalization of the AABBs are discrete orientation polytopes (k-dop). k-dops are defi ned 
as convex polytopes whose facets are determined by half- spaces whose outward normals are given by a small 
fi xed set of k orientations [KLOSOWSKI1998]. A 2D AABB is a 4-dop defi ned by the coordinate axes as 
normals in positive and negative directions. Figure 2.c is an example of a 2D 8-dop with additional orientations 
in 45°, 135°, 225° and 315°. In 3D an AABB is equivalent to a 6-dop with one direction for the normals of 
each face of a cube. In 4D an AABB is equivalent to an 8-dop with one direction for the normals of each cube 
that determines the facets of a hypercube. In order to increase the degree of fi t of the k-dops we introduced 
further orientations, one for each of the 16 vertices of a hypercube pointing from the center to the vertex. This 
is equivalent to the 8-dop of Figure 2.c but adapted for space-time. For the described 24-dops 24 values have 
to be stored. For interference testing of two k-dops k/2 intervals represented by pairs of the k determined 
minimum and maximum values are checked for interference. Two k-dops do not intersect each other, if at least 
one corresponding interval of both k-dops does not overlap. If all corresponding intervals do overlap, both 
k-dops may interfere. Even if all intervals overlap the k-dops may be disjoint if they are separated by a plane 
parallel to one edge from each k-dop. As stated in [KLOSOWSKI1998] this kind of conservative disjointness 
test is preferred due to effi ciency reasons, as the test does only need k-fl oating point comparisons and no 
arithmetic operations.
Bounding volume hierarchies are an approach to achieve a better fi t of objects S while the geometric primitives 
used for the approximation don’t become too complex and therefore more expensive in interference testing. 
Trees are a common approach to represent those hierarchies. The BV-tree BVT(S) consists of nodes v, which 
contain the BV of a subset of S. In [BODE2013] we proposed a top-down approach to construct a BVT which 
is based on splitting the set S into two subsets of the same size at the median of the time component of the state 
vectors, which resulted in binary BV-trees. Experiments showed that trees based on k-dops with a maximum 
depth of 6, 7 or 8 resulted in the best compromise between costs for BV construction, BV intersection tests and 
remaining state vector comparisons.

 
(a)                                       (b)                                       (c)

Figure 2 Different 2D polytopes used as bounding volumes. (a) Axis-aligned bounding box or 4-dop.       (b) 
(Object-)Oriented bounding box. (c) Discrete orientation polytope defi ned by 8 half-spaces (8-dop).

While the top-down approach yields good results, the BV construction does not guarantee to provide the best 
fi t of the leaf nodes for the state vectors they contain. A bottom-up strategy has been developed that starts with 
a creation of BVs for the deepest level of the tree by accumulating state vectors within one BV until a certain 
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abort criteria is fulfilled. This can be exceeding a certain volume, a threshold for the degree of fit or separate 
criteria for the 4 coordinate axes. After that step two adjacent leaf nodes are selected and set as child nodes 
of a newly created parent node, whose volume is the sum of the volumes of both child nodes. This process is 
repeated, until only one node remains, which is the root node of the tree. It was expected that this approach 
would result in BV-trees which better fit the state vector sets S and therefore result in trees that are less deep, 
containing fewer nodes than the top-down trees.

The conducted experiments showed that the bottom-up method resulted in much smaller trees than the top-
down method. The amount of nodes of AABB trees was about 75% for the bottom-up generated trees compared 
to the top-down generated ones. The bottom-up k-dop trees consisted only of 10% of the number of nodes 
compared to their top-down pendants. For both sorts of bottom-up trees, the number of needed pairwise state 
vector interference tests was only increased by on average 5% compared to the top-down trees. This resulted 
in a decreased CD execution time in most of the cases.

2.3 Single Phase Approach
While regarding hardware independent parameters like the total number of needed pairwise state vector 
comparisons the two phase approaches perform quite well, increasing the theoretical scalability of the 
algorithms when compared to both brute-force methods, their performance in terms of runtime still is not 
sufficient enough to meet the strong requirements, especially when larger sets of trajectories are considered, 
what would correspond to the forecasts and performance goals of the SESAR project [SESAR2006].

The main bottleneck of the two phase strategy is hard disk access time. Every time a trajectory gets checked 
against another its state vectors are transferred from hard disk into main memory. Disk I/O operations consume 
a lot of time and even benchmarks with solid state drives did not result in a significant runtime improvement.  
The latter is caused by the disk access scheme which loads a lot of smaller datasets often from disk memory 
into main memory. SSDs would perform better if bigger chunks of data would get loaded at once. This kind of 
access can be achieved if the two-phase approach is replaced by a single-phase strategy which is based on the 
application of the already mentioned space decomposition techniques on the whole set of state vectors of all 
trajectories ignoring their relation to single trajectory objects.

The realized single-phase method is based on a 4D R-tree which takes the leaf nodes of the AABB BV-trees 
of the trajectories as input. Those leafs provide a much better fit of the state vector sets S mitigating the 
aforementioned problems concerning not well axis-aligned trajectory objects. The R-tree’s nodes on the lowest 
level just before its leaf nodes (which are the input AABBs) are then sequentially numbered and represent a 
so called data bucket which corresponds to an entry in the state vector database (Figure 3). This approach 
accords to a hashing technique using the R-tree as its hash function. A hash is always strongly dependent on 
the number of available buckets and how well the data is distributed amongst those, which is again dependent 
on the hashing function. If the hash function produces too many collisions for the input data the hash becomes 
inefficient. The R-tree approach has the advantage compared to other hash functions that the buckets better fit 
the current spatiotemporal distribution of the input data.

Within the conducted experiments the number of pairwise state vector interference tests was always higher for 
the single phase method when compared to the two phase strategy. Depending on the shape of the trajectory 
this difference was about a factor of 5 to 7 compared to the AABB trees and about a factor of 9 to 30 compared 
to the k-dop trees. A second result was that in terms of total execution time the single phase method always 
performed much better than the two phase approaches did. Depending on the number of trajectories that 
needed to be checked by the narrow phase and therefore needed to be loaded from hard disk into main memory, 
the single phase method could reduce the runtime compared to both AABB and k-dop tree approaches by a 
factor within a range of 2 to 10.
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Figure 3 Bucket selection and numbering of the single-phase R-tree.

One problem of the R-tree strategy is that it is created with a current set of trajectories. Every time a new 
trajectory is inserted into the database the bucket where its state vectors belong to are determined and get inserted 
into the corresponding dataset stored on hard disk. If new data sets do not comply with the spatiotemporal 
distribution of the existing data, the tree gets unbalanced and the approach yields the same problems as other 
hashing functions. It is therefore important to keep track of the balancing status of the tree (e.g. monitor if 
certain buckets store significantly more data than others) and recreate the tree when the degree of unbalancing 
exceeds a specified threshold. As the recreation of the tree and especially the creation of the buckets needs a 
remarkably high execution time this should be done in background. As soon as the new index has been created, 
the current database can be replaced with the new one, without blocking the ongoing CD processes.

3 concluSIonS
The paper proposed different algorithms and data structures from the field of Computational Geometry as a 
solution to the 4D trajectory conflict detection problem. Some already investigated methods were extended to 
further improve their runtime performance. These improvements include a bottom-up construction of bounding 
volume hierarchies in order to reduce the size of the created BV-trees. Results from experiments proved these 
expectations true. A 4D R-tree was applied for the broad phase of the two phase CD detection strategy which 
had some advantages in terms of a reduced execution time compared to the subsequent application of an 
Interval-tree and a 2D R-tree and could exclude on average more trajectories from the pairwise narrow phase 
interference tests. Despite that improvement, for certain trajectories (which are not well aligned to the main 
coordinate axes of the used coordinate system) only few trajectories could be excluded from the narrow phase. 
This is due to the orthogonal bounding volumes used to represent the distribution of the regarded state vectors.

As hard disk access times were considered as one of the main bottlenecks of all methods of the two phase 
approach, a new single phase CD strategy was developed, that is based on 4D R-trees built from the set of all 
state vectors regardless of their correlation to trajectories. Using this approach less separate hard disk access 
operations are needed during the CD process. While in total more state vector comparisons are needed than in 
the two phase approach, this loss in runtime performance is completely outweighed by the performance gained 
through the more efficient hard disk access scheme. A disadvantage of the current single phase technique is 
that the R-tree index might become unbalanced resulting in worse query performance if too much new data 
is inserted that does not correspond well to the distribution of the data, which was used during the creation of 
the index.

4 future Work
For the future another single phase indexing data structure based on kd-trees will be implemented because it 
is expected that it results in a space decomposition that better fits the distribution of the trajectories. Another 
aspect of the work is the modeling of conflict dependencies. This is especially of interest if conflict resolution 
is considered. Trajectory deviations in order to solve a single conflict might result in new conflicts. Bayesian 
nets will be used to represent those kinds of dependencies and common data mining algorithms are applied 
in order to determine for example conflict resolutions with the fewest side effects or the fewest number 
of modified trajectories, causing the lowest loss of performance for the global system. Additionally to the 
intended multi-threading extensions of the current algorithms, distributed computing and technologies from 
the “Big Data” sector are considered (e.g. Apache Hadoop). This is especially promising if the fact is regarded 
that the intended trajectory management framework shall not only handle the flights of a single day but of 
longer periods. Typically commercial flights are planned about one year in advance. Regarding the already 
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presented set of 30 000 trajectories which consumed 20 Gigabytes of hard disk space, a data set for one year 
would consume approximately 7 Terabytes, still not including information about route deviations, conflicts and 
other data needed by the different stakeholders of the ATM system. The distribution of this data on multiple 
hardware nodes would on the one hand increase the systems scalability as well as its availability in case of 
failures on single nodes. Especially the recreation of collision indices are considered as a possible field of 
application, as this operation is very time consuming but needs only to be done from time to time whenever 
enough changes to the set of trajectories were made. The outputs of those computations can then later be used 
by applications with real time constraints.

ACKNOWLEDGEMENTS
The authors would like to thank Mr. Bruno Nicolas from Eurocontrol for generously providing the capacity 
data, which we used for the flight plan generation.

rEFErEnCEs
BODE, S. and HECKER, P.: Efficient 4D Trajectory Conflict-Detection for Large Scale ATM Simulations 
Using Bounding-Volume Hierarchies and Time-Spatial Indexing. AIAA Modeling and Simulation Technologies 
Conference (MST), 2013.

AURENHAMMER, F. and KLEIN, R.: Handbook of Computational Geometry, chap. V: Voronoi Diagrams. 
Elsevier Science & Technology, 1st ed., pp. 201-290, 2000.

KUCHAR, J. K. and YANG, L. C.: A Review of Conflict Detection and Resolution Modelling Methods. IEEE 
Transactions on Intelligent Transportation Systems, Vol. 1, No. 4, pp. 179-189, 2000.

SESAR CONSORTIUM: Air Transport Framework. The Performance Target. Deliverable D2 of SESAR 
Definition Phase, 2006.

SESAR CONSORTIUM: The ATM Target Concept. Deliverable D3 of SESAR Definition Phase, 2007.

EUROCONTROL EXPERIMENTAL CENTRE: User Manual for the Base of Aircraft
Data (BADA.) Revision 3.9, 2011.

CHIANG, Y.-J., KLOSOWSKI, J. T., LEE, C., and MITCHELL, J. S. B.: Geometric Algorithms for Conflict 
Detection/Resolution. 36th IEEE Conference on Decision and Control, pp. 1835-1840, 1997.

KLOSOWSKI, J. T., HELD, M., MITCHELL, J. S. B., SOWIZRAL, H., and ZIKAN, K.: Efficient collision 
detection using bounding volume hierarchies of k-dops. IEEE Transactions on Visualization and Computer 
Graphics, Vol. 4, No. 1, pp. 21-36, 1998.

ISAACSON, D. R. and ERZBERGER, H.: Design of a conflict detection algorithm for the Center/TRACON automation 
system. Proceedings of the 16th Digital Avionics Systems Conference, pp. 9.3-1 - 9.3-9, 1997.

KUENZ, A.: A global airspace model for 4D-Trajectory-based operations. Proceedings of the 30th Digital Avionics 
Systems Conference (DASC), pp. 3E3-1 - 3E3-9, 2011.

RUIZ, S., PIERA, M. A., and ZUNIGA, C. A.: Relational Time-Space Data Structure To Speed Up Conflict Detection 
Under Heavy Traffic Conditions. Proceedings of the 1st SESAR Innovation Days,  pp. 1835-1840, 2011.

ARGE, L., BERG, M. D., HAVERKORT, H., and YI, K.: The priority R-tree: A practically efficient and worst-case 
optimal R-tree. Proceedings of the 2004 ACM SIGMOD International Conference on Management of Data (SIGMOD 
‘04), pp. 347-358, 2004.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



199

BECKMANN, N., KRIEGEL, H.-P., SCHNEIDER, R., and SEEGER, B.: The R*-tree: an efficient and robust access 
method for points and rectangles. Proceedings of the 1990 ACM SIGMOD International Conference on Management of 
Data (SIGMOD’90), pp. 322-331, 1990.

CIACCIA, P., PATELLA, M., and ZEZULA, P.: M-tree: An Efficient Access Method for Similarity Search in Metric 
Spaces. Proceedings of the 23rd Very Large Data-Bases (VLDB) Conference, pp. 426-435, 1997.

EPPSTEIN, D., PATERSON, M. S., and YAO, F. F.: On Nearest-Neighbor Graphs. Discrete & Computational Geometry, 
Vol. 17, No. 3, pp. 263-282, 1997.

CONNOR, M. and KUMAR, P.: Parallel Construction of k-Nearest Neighbor Graphs for Point Clouds. Eurographics 
/ IEEE VGTC Symposium Proceedings Seventh International Symposium on Volume Graphics, Fifth Symposium on 
Point-Based Graphics, pp. 25-31, 2008.

VAN DEN BERGEN, G.: Efficient collision detection of complex deformable models using AABB trees. J. Graph. Tools, 
Vol. 2, No. 4, pp. 1-13, 1998.

GOTTSCHALK, S.: Collision Queries using Oriented Bounding Boxes. PhD thesis, University of North Carolina, Chapel 
Hill, 2000.

GOTTSCHALK, S., LIN, M., and MANOCHA, D.: OBBTree: a hierarchical structure for rapid interference detection. 
Proceedings of the 23rd annual conference on Computer graphics and interactive techniques (SIGGRAPH ‘96), ACM, 
pp. 171-180, 1996.

LUQUE, R., COMBA, J. L. D., and FREITAS, C. M. D.: Broad-Phase Collision Detection Using Semi-
Adjusting BSP-Trees. Proceedings of ACM SIGGRAPH Interactive 3D Graphics and Games - I3D 2005, 
edited by A. Press, pp. 179-186, 2005.

HUBBARD, P. M.: Collision Detection for Interactive Graphics Applications. IEEE Transactions on Visualization and 
Computer Graphics, Vol. 1, pp. 218-230, 1995.

GUTTMAN, A.: R-Trees: A Dynamic Index Structure for Spatial Searching. Proceedings of the 1984 ACM 
SIGMOD international conference on Management of data (SIGMOD ‘84), pp. 47-57, 1984.

DE BERG, M., CHEONG, O., VAN KREVELD, M., and OVERMARS, M.: Computational Geometry: 
Algorithms and Applications. chap. 10.1: Interval Trees. Springer-Verlag, 3rd ed., pp. 220-225, 2008.

WIELAND, F., CARNES, D., and SCHULTZ, G.: Using Quad Trees for Parallelizing Conflict Detection in a 
Sequential Simulation. Proceedings of the fifteenth workshop on Parallel and distributed simulation (PADS), 
IEEE Computer Society, pp. 117-123, 2001.

http://www.eurocontrol.int/lexicon/lexicon/en/index.php/Hub_and_spoke_system, February 7, 2014

Contact: 
Sebastian Bode, 
Institute of Flight Guidance, Technische Universitaet Braunschweig
Hermann-Blenk-Str. 27, 38108 Braunschweig, Germany
Email: seb.bode@tu-braunschweig.de

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



200

Data exchange within clusters of mobile machines for real-
time positioning

Jan Schattenberg1, Hannes Harms1, Thorsten Lang1 , Martin Becker², Simon Batzdorfer², Ulf 
Bestmann², Peter Hecker²

1Intitute of Mobile Machines and Commercial Vehicles, Technische Universität Braunschweig
2Institute of Flight Guidance, Technische Universität Braunschweig

abstract
The control of mobile machines which have to fulfill a complex cooperative task, as well as the automatic or 
autonomous navigation of single machines, mandatory requires a precise absolute and relative positioning. 
Therefore it is necessary that each participant of a machine cluster has knowledge about the position of the 
other machines, i.e. the swarm geometry is known, and also about their current status. To meet this requirement 
a high frequency data exchange of GNSS raw data and status information from all experimental vehicles is 
realized using a specialised mobile ad-hoc network. The exchanged information is used to compute the relative 
and absolute position of all participants for each node to each other simultaneously, whereby additional sensor 
data, like INS measurements are used for determining the vehicle’s state or coasting short GNSS outages.

The paper will give a general introduction into the topic, shortly describes the background information of the 
research project NExt UAV (german acronym for: “Navigation for exploration with UAVs at low altitude in 
disaster Scenarios”), the technical equipment and the approach of swarm positioning. This is followed by a 
more detailed presentation of the developed communication concept. The paper closes with the results of the 
research project.

Keywords
Machine cluster, communication, tracking, mobile ad-hoc networks, GNSS, INS, relative position

1 IntroductIon
The increasing automatic guidance of mobile machines, the progressive use of machine clusters and the re-
quirement for a robust and precise relative positioning of the machines to each other – even under insufficient 
reception of GNSS (Global Navigation Satellite System) signals – requires new systems and technologies. 
These are especially necessary to precisely coordinate a machine cluster in a formation to cooperate in diffe-
rent tasks. In addition, a determination of relative positions must be ensured, for example, to prevent collisions 
between the machines, especially if the signal reception of the GNSS receiver is not reliable. One way to im-
prove the positioning solution is offered by combining the GNSS measurements with the measured data of an 
inertial measurement unit (IMU). One approach to determine the relative position of the participants among 
themselves is called “cooperative positioning”, wherein the GNSS raw data is exchanged between the indivi-
dual machines by a mobile ad-hoc network. Based on the exchanged GNSS raw data of the machine cluster the 
approach allows each participant to calculate both, the position of the other participants as well as the relative 
position of the participants in the cluster to each other. In addition the approach can be used to determine the 
relative position with partial shading of individual swarm participants, by involving the shared datasets in the 
processing of the developed cooperative positioning algorithm. Figure 1 shows two of the test vehicle used 
during the experimental trials. On the left the self-developed Unmanned Ground Vehicle (UGV) “comRoBS” 
of the Institute for Mobile Machines and Commercial Vehicles (IMN) [1] and on the right a quadrocopter of 
type Pelican (Manufacturer: Ascending Technologies), operated by the Institute of Flight Guidance (IFF) at 
the TU Braunschweig.

 deceased
http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



201

Figure 1: Experimental tests for data exchange between UGV and UAV

As part of the research project NExt UAV [2] basic technologies have been tested and developed to manage 
a mobile ad hoc network in a heterogeneous machine group. Furthermore strategies have been investigated 
which can ensure a reliable data exchange. A major aim for the development has been to ensure the complete 
exchange of GNSS raw data from two UGV units and up to five UAVs (unmanned aerial vehicle), that are 
spread across the selected application area. The data exchange should take place at a frequency of 1 Hz in order 
to achieve an adequate update rate for determining the position. In the targeted scenarios and tasks, such as 
exploration of unknown areas, typically formations are used in which the machine cluster is distributed over a 
few hundred meters. In an urban environment it is therefore necessary that messages are transmitted via several 
intermediate links, if no direct connection or only an insufficient connection between the machines exists. The 
frequent topology changes caused by the mobility of the individual participants as well as the varying amount 
of data to be exchanged, requires that the communication links are checked with each cycle (1 Hz) and adjusted 
if necessary. In order not to limit the overall system functionality due to the failure of individual participants it 
is a mandatory requirement not to use a central coordinator. From the described scenario technical constraints 
arise for both, the used hardware as well as for the implemented algorithms. In summary, the demand for a data 
exchange of all with all and the high frequency detection of the network structure describes the novelty of the 
communication concept and enables the approach of the “cooperative positioning”.

2 technIcal equIpment
To fulfill the requirements for communication, like the incurred demand of data and the needed transmitter 
range, wireless modules were chosen working in the ISM band at 2.45 GHz. These are very inexpensive, freely 
usable and achieve a maximum transmission rate of 250 Kbit/s [3]. The algorithms for data exchange are set up 
on top of the physical layer of the wireless standard IEEE 802.15.4. The commercial radio modules are mount-
ed on a self-developed carrier board and are therefore easily replaceable. They are based on an ATMEGA128 
microcontroller for temporarily storing the raw data and for controlling the communication module. Due to the 
direct connection to the radio modules hardware time-critical tasks can be performed without the disturbing 
influence of other processes almost close to real time. The data exchange with the main processor board is set 
up on an Intel Atom processor with 1.6 GHz and also the power supply is realized via an USB connection. For 
positioning purpose an ublox LEA6T GNSS receiver, providing GNSS raw measurements and timing informa-
tion, and an IMU, self-developed by the Institute of Flight Guidance (IFF), are used. The IMU has a cuboid 
form with an edge length of 32 mm at a weight of approximately 40 g (cf. [5]) and so it is suitable for usage in 
small flight units. Both are connected via USB to the main processor board for power supply and measurement 
transmission. Figure 3 shows the descripted hardware components. The software used on the main processor 
board for the processing of the single and swarm position solution as well as for data fusion and data process-
ing is implemented in C++ under Linux. Key criteria for the selection of the computer architecture for the UAV 
type Pelican were the small size (Pico ITX, 100 x 72 mm²) and the low energy consumption of the system. 
Figure 2 shows the described electronic components.
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Figur e 2: Navigation PC, IMU, GNSS receiver and radio module

3 cooperatIve poSItIonIng
Due to the targeted catastrophic scenarios within the research project NExt UAV, GNSS based positioning 
technologies have been developed, assuming that there is no local ground based infrastructure like networks of 
GNSS reference stations available. Thus by default, only GNSS code measurements are available for provid-
ing positioning services for the single participants. Regarding GPS correction information the usage of SBAS 
(Satellite Based Augmentation System) can be applied, which is not depending on ground infrastructure [4]. In 
the case of determining the swarm geometry, a simple way to obtain the baselines between swarm participants 
is to compute the vectorial difference of absolute positions one gets using GNSS, but in the case of standalone 
GNSS the accuracy often does not fi t the requirements. To cope with this effect, a method for calculating the 
current positions of the single UAVs and the UGV swarm members has been developed that uses all known 
GNSS-pseudorange-measurements at one epoch that have been exchanged using a permanent data link be-
tween all swarm members as described in the following. The basic principle is based on calculating double dif-
ferences of the GNSS code measurements, a method similar to that of using GNSS reference stations. For the 
given application there are two major challenges to deal with. First the number of involved receivers is higher 
compared to applications using reference stations (usually one user and one reference station) and time variant 
due to changes in swarm topology. Second the positions of all involved user receivers also is time variant and 
none of them is known with a high precision like the one of a reference station.

The principle of the approach is based on using GPS code measurements for determining absolute and relative 
position of the swarm participants and is sketched in Figure 3.

Figure  3: Combined Swarm Navigation Algorithm

The derived algorithm combines the equations used for standalone-GNSS positioning and those used for dif-
ferential GNSS positioning in a modifi ed way.

Starting with linearized formulation used for standalone positioning and an iterative calculation of a receiver‘s 
position:

( ) [ ] [ ]Terraaa
i
z

i
y

i
x

i
a tCzyxeeetR ∆∆∆∆⋅=∆ 01

In this equation i
ae  is used as unit vector of line of sight from receiver a pointing to the ith satellite. In addition 

the following notation is used:
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•	 index a denotes the receiver of rover a

•	 index b denotes the receiver of rover b

•	 base-satellite is denoted with index k

•	 ith satellite is denoted with index i

Using the common definition of a baseline between two receivers calculated by double differenced observation 
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and substituting the double difference line-of-sight vectors by
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leading to a “delta double difference” the following system of equations results when combining standalone 
and delta double difference equations:
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For reasons of clearness in the shown system of equations only two receivers are considered. A more detailed 
derivation and explanation of the implemented algorithm can be found in [5].

In order to use this approach the minimum required data that has to be exchanged to build up and solve the 
equation system are:

•	 pseudorange measurement (code, PR)
•	 standard deviation of PR
•	 corresponding GPS satellite ID (PRN)
•	 timestamp
•	 rover ID (of UAV/UGV)

Additionally optional information, e.g. rover status, integrity warnings, SBAS availability, etc., may be ex-
changed for improving positioning or controlling the swarm.

For analysis as a first step the collected GPS measurements of a mixed UAV/UGV swarm has been post pro-
cessed using the proposed combined algorithm. For comparison and evaluation also standalone and double 
differenced position and baseline solution has been calculated. Preliminary results and comparison between 
the mentioned methods are shown in [6]. 

In addition to the combined swarm navigation algorithm the accuracy of positioning can be increased by using 
further GNSS correction information provided by Satellite Based Augmentation Systems like the European 
EGNOS or the United States WAAS. In contrast to other (local) augmentation systems SBAS is independent 
of local infrastructure and so fits the requirement to be independent from local infrastructure.

The usage of SBAS information in the addressed urban scenarios has not to be strictly conformant to the re-
quirements for aviation operations as they are defined in RTCA DO-229D [7]. The effects of urban scenarios 
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lead to almost no availability of a DO-229D compliant solution (precision/non-precision approach). Apart 
from commercial and general aviation requirements continuity in urban scenarios is favoured. To handle this 
modification of time of alert/level of integrity is acceptable. Based on a DO-229D compliant implementation 
within the navigation software framework of the IFF different additional software switches have been imple-
mented. Especially the adaption of the usage of observations of a settled or partially settled smoothing filter, 
the possibility of using an exclusive or mixed mode of the SBAS and GPS ionosphere model and an adaption 
of the timeouts for different SBAS message types (MT) are implemented. 

Generally, in the case of urban scenarios one or several rover might be unable to receive SBAS-signals and 
therefore are out of SBAS-correction-information. To close this gap the information can be provided by one 
SBAS receiving rover via data exchange. To decrease the SBAS data stream between the rover the data rate can 
be geared to the timeouts of the different message types and/or the priority of the information (e.g. MT 0/MT 
6). Assumed that all rovers are nearby, the exchanged SBAS data can be used for correction. Further details on 
this work have been presented in [4].

4 communIcatIon deSIgn
During the project, various approaches for data exchange were studied. To act on the premise not using a coor-
dinator, as already mentioned, two methods can be considered for the communication principle. One possible 
approach is based on choosing random transmission times with an individual scan of the transmission medium 
to free access with the associated problem of not being able to ensure data transmissions. In contrast a time 
synchronized process allocates the transmitters to a predefined time slot in which a communication is autho-
rized [6] and ensures the possibility of data transfer, but may not utilizing the maximum transmission time.

The first method was successfully established in experiments with small network sizes. However, for larger 
networks the number of additional necessary messages increased disproportionately, due to data collisions. 
Therefore, this approach has been discarded and the time-slot-based approach has been preferred at which the 
communication is managed respectively synchronized among the individual devices in a proper manner. For 
this purpose a trigger signal from the LEA-6T GNSS receiver is used, which corresponds to a frequency of 
1Hz signal to the PPS (pulse per second). This concept allows synchronizing the clocks of the cluster, so that 
a communication is based on fixed time intervals. The necessary allocation of time ranges for each machine is 
solved by assigning a unique serial number on the hardware side to a unique network ID.

The data exchange is based on a proactive process, which consists of two main phases and several intermediate 
phases (Figure 4). At the beginning of each cycle the network discovery takes part (1), wherein the topology 
of the network is determined.

Figure 4: Principle of the time-synchronized communication

The network exploration messages containing data gathered from the network topology in form of an adja-
cency matrix (Figure 5), and also information about the amount of GNSS raw data each participant will publish 
in the subsequent phase. Furthermore in the course of exploration the quality of the individual links is evalu-
ated by the signal strength of the network and based on a threshold distinguished between stable and unstable 
connections (Figure 5, green: stable links, red: unstable links, (1) connected, (0) not connected).

This increases the quality of the data exchange, especially in scenarios where the machines operate at the limit 
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of stable connections to each other. Figure 5 shows the data that is obtained in the form of an adjacency matrix 
for the example network. All collected information is then transmitted to the PC (2) in order to compute an 
optimal schedule for the data exchange. The result again is returned back to the microcontroller for further 
processing (3).

Figure 5: Network topology and associated adjacency matrix

With the confirmation of this data (4) the available raw data for the next phase of exploration and exchange are 
transferred into the buffer (5). After a defined time, relative to the used trigger signal, the data transfer-phase 
(6) starts which is based on the calculated schedule, to ensure an optimal use of the transmission capacity. 
Figure 6 shows an extract of the timing of the radio communication and thus the time intervals in which the dif-
ferent nodes (here node 1 to 5) occupies the transmission medium. On the left side of the figure the discovery 
messages (green) are presented as well the principle of the time-synchronized network exploration, in which 
the messages of the nodes a scheduled by their ID and the transmission time. On the right side, represented 
by the bigger red blocks, the transmission time for the raw data packets received from four other participants 
before the own data is transmitted (from the perspective of node 2) is represented by red blocks. After the data 
transfer phase the collected raw data is transmitted from the microcontroller to the PC (7) and the raw data 
for the next cycle is retrieved. Optionally, additional data, for example SBAS raw data is obtained from the 
PC (8) and confirmed (9) before the cycle starts again with the exploration of the network topology. Since the 
information about the amount of raw data which has to be exchanged must be available for the network ex-
ploration itself, this results in a temporal offset of one clock cycle, which is in this case a second. This is taken 
into account in processing the data for the position solution by corresponding filters (such as Kalman Filters).

Figure 6: Example of messages during a cycle

To distribute the packages in a multi-hop network successfully, the nodes have to be send in a specific order, so 
that package collisions become impossible. With the knowledge of the network topology and the fact, that in 

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



206

one cycle every node has to send its raw data to all the other nodes, it is possible and also necessary that every 
node calculates a specifi c, but same order of transmitters and corresponding datasets.

To determine the sequence in which the transmitters have to send the packages in order to minimize the total 
time, basic rules for choosing the transmitter were defi ned:

1. Only nodes keeping information that have not yet been received from at least one other network 
participants are considered as a transmitter.

2. Each transmitter transmits only one dataset within a time step, and then there is a reassessment of the 
transmitters.

3. If there are two transmitters that are direct neighbors or if there is a receiver node that is neighbor 
too more than one transmitter, one of the transmitters has to send fi rst and the other one send its 
information afterwards. In this case the ID is used to determine the sequence.

Transmitter selection:

Taking into account the basic rules described above, the transmitter can be determined in a time-step manner. 
Furthermore competing transmitters have to be selected by choosing a particular criterion and comparing the 
nodes. Subsequently, the criteria investigated are listed.

•	 Max Neighbours: The transmitters are ordered ascending by the number of their neighbors. 
•	 Min Neighbors: The transmitters are ordered descending by the number of their neighbors.
•	 Max Data: The Transmitters are ordered descending by the number of data they can emit. The ranking 

of the node is proportional to the number of neighbours that need the package.
•	 Longest Path: The transmitters are ordered by the longest path length that the emitted data has to travel 

in the network. 

routing Process

At the beginning (time step 0) every node contains an initial data package with the collected GNSS-data. The 
package has to be transmitted to every other node in the network. The routing process is organized in time 
steps with timeslots calculated based on the amount of GNSS-data. Every time step the chosen routing criteria 
for the nodes are determined. Subsequently the nodes are sorted by the routing criteria and nodes that are in 
confl ict to each other will be deleted until all transmitters are without confl icts. After determining the transmit-
ter a virtual transmission is computed and the receiver nodes are updated with the transferred data. Finally the 
determination of the transmitter for the next step is calculated in the same way. The process fi nishes if all nodes 
contain the dataset of every other node. Figure 8 shows an example of a routing process for the line topology 
presented in Figure 7. 

Figure 7: Example of a line Topology
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Figure 8: Determined routing steps (left) and resulting data packages (right) for the line topology example 
from Figure 7

5 development envIronment
The direct implementation of the algorithms for the data exchange on real hardware is time intensive and fur-
thermore the validation is diffi cult, due to the fact that for real world tests, the rovers have to be spread over a 
wide area or other arrangements have to be made to create a multi-hop network. To overcome this and to ensure 
repeatability of the test cases during the development phase, the development of software to test and validate 
different strategies for the data exchange was necessary. The purpose of the software was not to build up a 
detailed wireless communication on the basis of communication technology, nevertheless the development 
environment gives the possibility to investigate in which order the devices have to send the data, so that the 
overall time becomes minimal. The second reason for the use of the software is to obtain a comfortable inst-
rument for post-processing the measured data collected within the real world tests, which means being able to 
compare different algorithms based on the same dynamically changing topology, amounts of data etc. as well 
as to debug the implemented algorithms. 

For the development of the environment the C++ Framework Qt [8], which is a common cross-platform appli-
cation framework, has been chosen. The designed test platform consists of three modules.

•	 nodes, that contain mechanisms to receive and transmit messages

•	 the algorithms to calculate the sequence of the transmitters

•	 a graphical user interface (GUI) to set up the network topology
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Figure 9: GUI Development Environment with Google Maps

The communication between the nodes is realized over a signal/slot concept which is an integrated part of Qt 
and enables an event based interaction between different program modules. Figure 9 shows the structure of 
the GUI containing the network visualization, a menu to setup the algorithms and parameters and a section to 
output the results of the simulation. To visualize the network the Google Maps API is used [9]. The application 
programming interface (API) allows plotting objects with a specific longitude and latitude. The data exchange 
between the C++ implementation of the network and the visualization in Google Maps is controlled over a Java 
Script and the corresponding HTML page is displayed in a QWeb-Widget.

6 teSt deScrIptIon
The system tests were performed both in an open area and in an urban environment. Different scenarios have 
been analyzed, such as a linear arrangement of the machines or a uniform distribution over the selected field. 
For visualization and analysis of message traffic on the network during the experiments further self-developed 
software is used. Therefore an additional passive communication device was integrated into the system, which 
received all the available messages. That gives the possibility to debug the system and to analyze systemati-
cal issues already during the test. Figure 10 shows an extract of the analyzed message traffic during a test. By 
the choice of a public and freely usable frequency interferences from other devices such as remote controls 
of the UAVs/UGVs, from public WLAN, etc. are possible as well as interferences from, e.g. electric engines. 
In the upper part of the picture (as described for Figure 6) the different messages and the occupancy of the 
transmission medium are presented. What is to be mentioned at this point is that the passive communication 
node is not able to receive all messages, since it is not always located in the receiving range of all the active 
nodes. Therefore it requires a certain interpretation of the data to be able to evaluate the accuracy. The lower 
part of the picture shows the information received by the passive communication device and interpreted by the 
debugging software. In this case the network consists of six nodes, whereby the network topology is a network 
where each node has contact to every node, but one connection between node 3 and node 7 sufficient stable 
(presented by the red marked connections).
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Figure 10: Extract  from the network analysis of a running experiment

The result of the routing algorithm again is shown in the upper part of the picture. Node 2, 3, 4, 6 and 7 sequen-
tially send their own raw data. Finally node 1 transmits its own data and repeats the data of node 7 to ensure 
that node 3 receives the data.

In regard to the chosen approach of a time slot-based data exchange not successfully transferred data cannot 
be sent again, since this requires a re-allocation of time slots for all participants. However, the reliability can 
be increased by favoring stable connections, determined by the signal strength for the connections between the 
participants for the GNSS raw data exchange and by avoiding the usage of unstable connections if this is pos-
sible. This enables communication even under the infl uence of various interferences and insuffi cient reception 
conditions and results in successfully delivering most of the messages.

In addition to the GNSS raw data exchange SBAS-correction data has been exchanged to increase the position 
accuracy. Especially in urban scenarios with degraded receiving conditions of SBAS information of single 
swarm participants the exchange of this information is a constructive method to provide SBAS information 
within the whole swarm.

To investigate the advantages of the approach of SBAS information exchange real world tests (Figure 11) have 
been done and the collected data were analyzed in post-processing.
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Figure 11: Test-Area  and Flight-Test-Constellations

The results, which are shown in Figure 12 indicates that an exchange and combination of received SBAS data 
within a machine cluster is useful to increase the availability and consequential the position accuracy for all 
swarm participants. As depicted in Figure 12 the combination of received SBAS data of different rovers (UGV/
UAV) with adapted Timeouts of the Fast Corrections increases the overall availability up to 66,4% in respect of 
a Partly Smoothed Filter and in all remaining cases RTCA DO229-D complaint implementation for the UAV. 
The upper part of Figure 12 gives an impression of the area used for fi eld tests. The presented results have been 
achieved within a trial where an UAV and an UGV have been following the same trajectory. Within the shown 
plots sequences with SBAS information available are marked yellow (UAV 53.8%, UGV 77.5%) those with 
no SBAS information available are marked blue. The reduced SBAS availability concerning the UAV can be 
explained by the fact that the UAV was fl ying at a relatively low altitude often direct below the leaves of the 
trees, causing SBAS signal shadowing.
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Figure 12: SBAS-Data-  Exchange and Combination with adapted Timeouts

For a live visualization of the swarm positioning results a specifi c software tool developed at the IFF was used, 
cf. Figure 13. For this purpose a data link via WLAN with one of the UAV or UGV of the swarm is estab-
lished. Due to the fact that all exchanged data is available on each swarm participant and computed using the 
described cooperative approach, the position and baselines of all swarm participants can be requested using the 
WLAN data link and visualized within that graphical user interface. 
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Figure 13: Online presentation of the swarm positioning - positions and baselines between UAV and UGV.

Through this the operator gets an overview of the whole swarm and the common situation awareness, e.g. 
the spatial distribution of the swarm participants, can be improved. Within the GUI visualization „vehicle 0» 
denotes the UAV/UGV that is being used for getting the swarm positioning information. Further position in-
formation concerning this user is displayed on the top left of the GUI. Because of the modular structure of the 
proprietary software developed by the IFF further information of the test carrier, like for example a sky plot of 
the received GPS satellite, measurements and results of further sensors like the inertial measurement unit, can 
be displayed on other GUI pages.

7 concluSIonS
Within real practical experiments the functionality of the GNSS raw data exchange was demonstrated, that is 
based on the above described method and on the cooperative data analysis of all in the swarm exchanged data. 
The focus of the investigations was on the real-time data processing, the functionality in real-world scenarios, 
both in nearly undisturbed areas and in urban scenarios with strong restrictions on the GNSS quality and es-
pecially on the intra-swarm communication. Due to the complexity of the experimental setup and the large 
number of different and variable influences a quantitative statement regarding to the communication is difficult 
to determine. In summary it can be said that the data exchange is successful and reproducible feasible even 
under difficult environmental conditions and widely varying topologies. Occasional loss of data in the form of 
missing messages occurs by not completely avoidable interference in the used free ISM band. A detection of 
missing data during the network exploration as well as during the raw data exchange is in principle feasible and 
was already implemented for testing investigations. However, a new request or a re-transmission of data pack-
ets is contrary to the generally approach and leads to a disproportionately high demand for transmission time. 
Due to the high repetition rate of the network exploration and the exchange of GNSS raw data, it is also expedi-
ent to put the focus on the delivery of current information and not on a secured transmission of each data set.
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abstract
The IFuB (radio-based intelligent irrigation) project is a joint venture between the research partners (ATB, 
TU Berlin) and the companies (Logic Way, MMM tech support, Virtenio). The project is furthered by the 
Federal Ministry of Food and Agriculture and is funded by the Federal Agency for Agriculture and Food.
The goal of the project is to design an ecological, economic, resource-saving and energy-efficient irrigation 
system. Current systems can measure soil moisture and record the values only. A system must therefore be 
developed which exactly regulates the required water quantity. This is possible through a flexible, autonomous 
and radio-based real-time irrigation system only. Which recognize the needs of the plant and intelligently 
adapts to the environment.
Standard sensors and actuators can be connected to the IFuB irrigation modules and the system involves 
additional weather data from a global context. Other great advantages of the used device technology are the 
high flexibility and the range of applications. This is achieved by that the nodes are operated with wireless 
data transmission and without an external power supply. A simple adjustment to the areas of special crops and 
orchards is possible.
Findings on the applicability were collected of the first version of the device software and hardware in 2012. 
The completion of the final device design with all the implementation of advanced software features was 
in 2013. Therefore an intelligent automatic intervention is possible in the irrigation of crops. For the fields 
without an Ethernet connection to the data server were extended by a GSM connection. A simple redundant 
weather model was implemented on the gateway. It is used in a communication failure.
This paper presents the process steps and their results at TU Berlin. This includes the development of hardware 
devices and the implementation of the field tests in 2012 and 2013. Furthermore the execution is introduced of 
the last field test in 2014.

Keywords
radio-based, intelligent irrigation, water reduction, condition monitoring, precision farming

1 IntroductIon
A large part of the amount of water consumed on the world is used in agriculture. The water demand in the field 
is dependent on the crop grown and the soil type. Factors such as the local weather continue to play a major role. 
The growth of the plant available to make an appropriate and sufficient amount of water, irrigation machines 
is increasingly used. The aim of the project intelligent radio-based irrigation (IFuB) [1] is in addition to an 
automatic irrigation, developing especially an intelligent and controlled water supply. The project is furthered 
by the Federal Ministry of Food and Agriculture and is funded by the Federal Agency for Agriculture and Food 
since the beginning of February 2012. The project coordinator is the Department of Machinery System Design 
of the Technical University of Berlin [2]. In an interdisciplinary project consortium work together the Leibniz-
Institute for agricultural engineering in Potsdam-Bornim e. V. (ATB) [3] and three companies the Logic Way 
GmbH [4], the MMM tech support GmbH [5] and the Virtenio GmbH [6].

2 aImS
The aim of the research project is a feasibility study for an on demand-based irrigation system in agricultural 
crop cultivation without direct comparison of qualitative results but rather the quantitative evaluation of the 
combination between known individual systems to an integrated overall system. It will be shown how an 
appropriate system under the consideration of ergonomics, technical progress and application suitability in the 
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agricultural environment can be designed. The idea is to provide through a nationwide network of information 
sources and their intelligent evaluation optimized for the environment and for crop irrigation. To do this, 
various types of sensors will combine and the information content will checked. The goal is an optimal sensor 
network which is able to reproduce the irrigation situation best. The development of an intelligent, fl exible, 
autonomous and radio-based irrigation system is planned. This should be able to be, the amount of water 
needed by the plant depending on local weather events, as required to provide. The base of the system should 
be a decentralized network of various environmental sensors, irrigation actuators, communication modules 
(gateway) and the server. For the exact calculation of the required amount of water, the local sensor-actuator 
network should be connected via by a gateway with a central data server. On the server will perform the 
complex calculations and further parameters will added from external sources to the data pool. The irrigation 
recommendation should then be returned to the corresponding actuator unit on the fi eld. The actuator-unit 
controls now in the prescribed manner the local irrigation valve. In addition, a high degree of fl exibility with 
regard to the cultivated plant variety and the quick and easy installation of the components in the network is 
the goal. Other goals of the project are an autonomous power supply of fi eld units, a wireless data transmission 
between the communication partners and system fl exibility through customized design of all units.

3 approach and ImplementatIon
An integral approach is used for the implementation. This includes the wide collection of plant, soil and 
environmental data, bi-directional communication between all units, intelligent processing of data and the 
possibility of an active intervention in irrigation. The approach is a fl exible using of various crops and irrigation 
systems. The user has the possibility to utilize a wide range of agricultural and horticultural applications of 
intelligent irrigation. The IFuB project pursued a holistic approach for all agricultural crops including fruit, 
vegetables, grain and potato cultivation and special crops. The application potential is seen in particular in the 
following areas:

•	 Fruit growing, horticulture and special crops outdoors,
•	 protected crops in greenhouses and fi lm tunnels,
•	 Agriculture, particularly sugar beet and potatoes.

Figu re 1 – IFuB-Concept

The adequate Irrigation of various crops and the control of irrigation systems are based on the generalized 
structure of the system. There are only three basic types of units, which enable to adapt the system quickly and 
fl exibly to the respective task. These are the sensor, actuator and the gateway devices. Due to the possibility 
of parameterization within its basic function of every single unit, the overall system can be adapted individual 
to the task (see Figure 1). Each unit network is connected through the gateway to a central data server. The 
central data server collects and manages all information about each network and it generates recommendations 
on local irrigation. 

Another section of the developments is the highlighting of ergonomics in the application of the system. Thus, 
it should be ensured the directly and comfortably integration of commercially available standard sensors and 
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actuators into the system. For this purpose the “automatic detection of types” was developed. So any standard 
components can be connected comfortably to the sensor and actuator units (boxes). Through a smart extension 
of the used connectors, the components are equipped with a digital signature. The connectors are sealed to 
IP67. They provide but also a viable repetition of mating cycles. The connectors are from plastic enclosures 
for cost reasons. No mechanical overloads are expected due to a developed system of protection. The color 
coding of the connector simplifies the necessary configuration. In addition to the analog standard components, 
the Digital SDI protocol will support. Therefore the connected measuring points are detected automatically and 
in the units the recorded measured values are processed to pass and sent. The sensor types witch used in the 
project are from the field of soil and climate sensors. The following specific metrics are captured: 

•	 Soil sensors:   soil moisture, soil temperature, specific humidity, suction power,
•	 Climate sensors: humidity, air temperature, wind speed, solar radiation.

A “sensor-box” was developed for the holistic collection of plants, soil and climate values. It has seven analog 
or interrupt-driven inputs and a digital SDI 12 interface. A second version is the “actuator box”. It has only five 
analog or interrupt-driven inputs and a digital SDI 12 interface. Additionally an actuator output and an actuator 
power supply are integrated in the actuator-unit. The outlet can be connected with a wide range of standard 
valves, pumps or ballasts. These are also recorded with the intelligent detection of types by the system. These 
two versions are based on a single-board design (see Figure 2). By corresponding configuration it is possible 
to produce the desired version. For the use of different valve types it is necessary to provide external energy. 
An internal power supply provides the impulse valves, because they need to operate a few short pulses only. 
This is sufficient to supply the operation over a season. An external supply input is intended for continuous 
flow control valves. Therefore, all types of valves can be switched. Also the power supply components are 
registered by the intelligent recognition of types. Also the water pressure of the irrigation line is recorded with 
the actuator unit. A statement about the working condition of the irrigation can be done by the pressure. Thus, 
it is possible to perform a self-check of the irrigation by the system. When the irrigation leave the secure state, 
the system throws targeted an automatic emergency calls with a short description via SMS. These will send to 
the people they are stored in the system.

Figure 2 - Single-Board-Design

Another important point to the topic of ergonomics and suitability of the component is the design of the actual 
units (boxes) according to customer-specific needs. This is essentially a suitable sensor-actuator interface and 
an autonomous energy supply. As well, they have a uniform design based on the inner and outer structure. 
The units (boxes) are based on an industry standard housing. This case is robust, lockable and easy to open 
and close. The special thing about this housing is the possible installation of a mounting frame. The mounting 
frame and a mounting plate they are designed specifically for this purpose form an enclosed space within the 
housing. This is still closed when the cover is opening. Therefore, it is possible to accommodate the electronics 
inside the box permanently waterproof and thus meets the IP67 standard. All components of the box are shown 
in Figure 3. The service area of the box is directly accessible by the opening of the cover. The cover protects 
the eight slots, a status LED, an USB plug and two switches for retrieving the status and to turn on the unit. 
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The plugs can be replaced so easily and yet they are mechanically protected against external influences. To 
cover the plugs into the outer space it is necessary to design a special mounting plate. With this design, you 
can sensors and actuators are adjusted or you can manually query the status of the unit if it is necessary directly 
onto the field. 

1

3

2

4

Figure 3 – Actuator-Board (1), test arrangement (2), mounting plate (3), mounting frame (4) 

The developed model of communication (see Figure 4) represents the cycle of the data transfer to transmit 
the sensor dates from the box to the gateway and to pass on to the data server. And return back the irrigation 
forecast from the server to the control of the valve on the field. All interactions of the user with the system 
and the complete internal box-to-box (B2B) communication are illustrated in the model of communication. A 
complete cycle of data transfer within the model of communication can be described as follows: The connected 
sensors will detected with the help of the automatic type recognition. The values are captured on the individual 
channels and transformed into the B2B format for the exchange of data. A special B2B Protocol between the 
units provides a fast and secure transfer of data within the network. A ZigBee wireless interface is used for 
communication between the various units and the gateway. A special protocol was designed for the dynamic 
network layout. This allows a multi-hop procedure. Multi-hop is needed, if the recipient is not in the radio 
range of the transmitter. The data are then routed through other units. During the initialization of the network of 
units, a static structure is created so that the multi-hop path optimized can be applied. It is therefore possible to 
build up a fast network of any size. Due to the expected loss of the radio signal by the application in the vicinity 
of vegetation, a longer frequency band in the MHz range is selected in the near future.
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Figure 4 – Model of communication

After the plants, soil and local weather data of the fi elds to the gateway have been transferred, they are redirected 
to the server (see Figure 5). Therefore, the gateway is the communication interface between the server and 
the sensor network. An Ethernet interface and a GSM modem are installed for the communication between 
the server and the gateway. Should it come to the loss of a communication interface, the other replaced the 
communications service. In the worst case, by the failure of both communication interfaces, the decentralized 
sensor-actuator network can also respond continue to autonomously on the fi eld. A redundant base version of 
the calculation algorithm is installed on the gateway. Thus still locally optimized decisions for irrigation can 
be calculated based on the local sensor values. This ensures a high degree of safety in the event of a critical 
situation. For the power supply, the gateway has about a 10-30 V DC universal input. The supply by a power 
generation system such as a solar or wind turbine is also possible.

Figure 5 – sensor values send to the server

The data server is the central data center for all decentralized sensor-actuator networks connected via the 
respective gateways. Still, the system retrieves additional information from the regional weather data services. 
Therefore, all information on this central point converges. With the help of the calculation algorithm the 
system is able to combine the available information to calculate the irrigation recommendation. The system 
data are represented the user in the GUI. The presentation is based on a GIS interface and the data are shown 
in tabular form as well as in diagrams. The confi guration of the system can be performed from anywhere 
via a WEB interface by the user. The system can be adapted to the respective application easily and fl exibly 
(see Figure 6). In addition to the administrative settings can be viewed all plants and soil data and adapted to 
regional weather forecast sources.
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Figure 6 – GIS-WEB-Interface

The calculation algorithm is based on a Fuzzy Logic modeling and is installed on the data server. The different 
input sources are appropriate in amounts of data can be summarized and interpreted with the help of Fuzzy 
Logic. Besides the sensorial and Web-based values, also plant, soil and irrigation-specifi c parameters can be 
stored by the user. The implementation is refl ected in the developed model (see Figure 7). A variety of different 
input parameters was rated and determined and logical relations was created and deposited in a multi-level 
decision concept. The developed model has the ability to create the decision to provide an exact amount of 
water. The irrigation recommendation by IFuB is based on sensor measured values of soil moisture as well as 
on model calculations of soil moisture. As a result, the system can react of the water shortage with an ensured 
irrigation recommendation.

Figure 7 – Fuzzy logic Model

That the irrigation recommendation can be implemented physically, is transferred the information over the 
backchannel to the local sensor-actuator network and the appropriate valve. The backchannel is running on 
same communication routes such as the sensor data routes to the data server, only in reverse order (see Figure 
8). So, the irrigation command is sent from the server to the gateway. This transmits the command to the 
actuator box with the connected valve. In parallel, the gateway starts the self monitoring routine for the control 
of irrigation. After the actuator box has received the command for opening the valve, the command will execute. 
So that the process of the irrigation can be supervised, a pressure sensor is still attached at the actor box. This 
is installed in the irrigation line. When the valve is opened, the pressure rises after a defi ned period in the line. 
If the valve is closed again at the end of the irrigation period, the pressure must sinks again. An emergency 
SMS is sent to the operator of the irrigation system if a incorrect situation should be detected. This includes 
an error log for the faster elimination of the fault. With the targeted control of the irrigation valve based on the 
gathered soil sensor and environmental parameters, the model of the communication in all functions is shown.
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Figure 8 – Backchannel to the valve

4 teStS
For the project duration for all areas of development are planned practice tests. They should test the functionality 
of each subsystem and the overall system. Through an analysis of the system it comes to further improvements 
by customizations. The idea of sub networks for the collection of plants and soil data was tested in 2012. It was 
used the fi rst generation of the units (boxes). 

Figure 9 – fi rst box generation 2012 (left) and second box generation 2013 (right)

They were equipped with the most important functions for a sensor-actuator network. For the test of the sensor-
actuator network, several subsystems were installed on various fi elds with different cultures (see Figure 9). The 
crops were potatoes, asparagus and fruit trees (plums). The verifi cation of the fi rst tests of the fi rst generation 
of the boxes was promising. Only small adjustments had to be made, which were due to mostly the simplicity 
of the fi rst generation.

The second test races took place in the year 2013. It was used the second revised version of the boxes. There 
were tested the several subsystem in different cultures. The fi rst usage of the entire communication from the 
sensor-actuator network to the data server could not be made. One reason for this was the unexpectedly high 
development effort for the complete range of communication. Further problems in the mass production of 
the auto type detection led to a partial failure of the equipment. Thus, only a few new details to the overall 
system could be determined. The most boxes ran only in the Logger mode. Only the analog and digital data 
acquisition, the battery life (Logger mode) and the general handling of the boxes of the second generation 
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could be tested under agricultures conditions. So that the failed test is able to be repeated before starts the 
third season in 2014, it was built an artificial habitat at the Technical University of Berlin in the end of 2013 
(see Figure 10). This simulates the important parameters for the development of irrigation in the agricultural 
field. The Habitat is equipped with artificial lighting and an irrigation system. The room temperature in the 
laboratory is warm enough so that the plants could grow normally. It was simulated the growth period of bush 
beans beginning in May. All the errors that were responsible for the loss of the season in 2013 were found 
with the help of the Habitat and fixed it. The system could be tested in its entire functions now. So, it is the 
third generation of the IFuB system available in the season 2014 now. The overall system will be tested in the 
agricultural environment in this season.

Figure 10 – habitat at the tu Berlin

5 concluSIonS
The results of all tests performed so far confirm a successful feasibility study of a adequate irrigation system 
in the agricultural crop cultivation. The idea, that by the rise of the incoming information into a regulating 
system, the error rate for wrong or too rough putting values drops, has been confirmed here. The recommended 
irrigation for a sub area took place very precisely and responding of external influences. Thus, a regulation 
of irrigation has been developed. The system responded quickly to changes and could by a small adjustment 
to the amount of water the overall water balance in the soil well regulate. As in the objectives defined, is the 
pursued approach of less the quality optimization of individual specific parameters but rather the quantitative 
integration of a variety of sources and its parameters to a new integrated system.
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abstract
M2M is currently one of the major innovations in the ICT sector. Many providers and even more approaches in this 
sector claim to connect, run and manage almost every machine. These solutions are neither aligned to the needs of the 
agricultural sector nor can these systems synchronize and optimize heterogeneous process chains with many different 
machines and manufacturers in order to gain maximum efficiency. Most suppliers concentrate on single machine ef-
ficiency which does not produce the same magnitude of cost reductions and efficiency gains. In order to enable 
communication between different participants for example in harvesting processes it is inevitable to build a unified 
approach for agriculture. 

Based on the underlying standard, a unified vendor independent platform with a user interface “M2M Teledesk” 
serves as a monitoring, control and maintenance desk for the machines. The innovation on this project is given by the 
platforms ability to enable machine manufacturers, farmers and contractors or even new business partners like insur-
ance companies to create innovative business and licensing models.

Keywords
Agriculture machines, telemetry, heterogeneous machines, platform

1 InItIal SItuatIon
The agricultural sector is characterized by operating heterogeneous machinery, large numbers of process part-
ners, which change almost every day as well as high machine operating costs. Inefficiencies in agricultural 
processes arise from idle times, e.g. when transport vehicles are waiting for operation or when the processes 
halt because of improper planning. These process inefficiencies may cause high, but avoidable costs. Other 
problems arise from incompatibilities regarding different brands of telemetric solutions which need to be 
operated and displayed on various devices. A comparable situation can be observed in the logistics sector. 
Forwarding companies also operate machines (trucks, trailers, cooling units etc.) of different manufacturers 
and nevertheless want to dispatch and control the entire fleet using a single application. A telemetric solution 
named NIC-base [1] was developed for this purpose. Its structure is presented in Fig. 1. It enables the fleet 
operator attaching different telemetric systems to the portal by using standard interfaces. Vehicle and process 
data are presented to the user in a unique way.
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Figure 1: Structure of NIC-base Telemetry Solution for Logistic [1]

However the circumstances in the agricultural sector are different. Requirements relative to wireless commu-
nications are far more ambitious, because operation of agricultural machines typically takes place in areas with 
weak or no network coverage. But most important almost all agricultural manufacturers have already once 
committed themselves to a unique standard namely the ISO-Bus through the AEF Foundation. The chances 
are high to repeat this great success with a M2M-standard. It is important to the manufacturers to protect their 
business data and process-knowledge as a competitive advantage. In order to gain acceptance for the standard 
and the vendor-independent platform M2M Teledesk a smart encapsulation and translation architecture must 
be part of the design.  The following chapters present a concept for a manufacturer independent platform solu-
tion that considers the agricultural peculiarities and advantages.

2 communIcatIon module requIrementS for agrIcultural 
proceSSeS

The ability for communication within an entire process in interconnected agriculture is of high importance – 
with or without publicly available infrastructures. However there are diverging requirements that cannot be 
achieved by one single wireless standard [2]. The most important requirements are: 

1. Permanent internet connectivity - WAN 2G / 3G / 4G network coverage is not always given

2. Low latency for machine control (< 50 ms)

3. Radio working range larger than 2 km without 2G- or 3G-infrastructure 

4. Data-transfer volumes of more than to1 GB  in reasonable time period (1 day)

5. Global availability (frequencies, radio standards, providers, …) 

Based on these requirements WLAN, WAN und SubGHz standards were selected and integrated into a com-
munication module. 

Numerous communication modules with embedded operation systems are available off the shelf. The ad-
vantage of embedded operation systems is hardware-independent development using standard interfaces. As 
shown in figure 2 different CAN-Busses (SAE J 1939, Vehicle CAN, ISOBUS) can be connected to a service 
platform via CAN-Gateway. The respective application does not directly communicate with the CAN-Bus but 
via an abstracted service interface (encapsulation) in order to protect the intellectual property of the manufac-
terer.

http://www.digibib.tu-bs.de/?docid=00056119 16/05/2014



225

Figure 2: Software Layer Model for the Communication Module

CAN-messages contain manufacturer-specifi c knowledge which needs to be protected to ensure the IP protec-
tion the CAN-gateway was developed. The operation principle is shown in Figure 3. The CAN-gateway is a 
software module situated in the communication box. It receives CAN-messages from the respective CAN-Bus 
and translates it to a standardised message format. The messages are from the Vector DBC-fi le are translated 
into the standard which can be used for applications. The Vector DBC-fi le contains manufacturer-specifi c in-
formation which should not be public. These fi les are only used while compiling the CAN-gateway and thus 
remain in the custody of the manufacturer. Having a standard available for the signal interface, applications 
can be used for the various applications. 

Figure 3: Functionality of the CAN-Gateway Software module

Every machine is set up with an interface which reads internal buses and translates signals to the open M2M 
standard which is used by the M2M-Teledesk portal in order to run different applications and communicates 
data to and from the machine using WIFI or mobile data communication networks. The system uses a public 
key infrastructure for safety and trust reasons. Within the portal machine data is aggregated and provided to 
different other systems (e.g. farm management).

An overview of the system’s framework is shown in Figure 4. The encapsulation interface is installed on every 
machine between the machine’s internal buses and the M2M-Teledesk portal.
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Figure 4: M2M-Teledesk framework

3 M2M-TELEDESK PLATFORM
M2M-Teledesk is a vendor-independent service and business platform for manufacturers, owners and operators 
of harvesters, who can register machines of different types and manufacturers. Due to the heterogeneous machinery 
in agricultural business it is essential to enable those machines to communicate via a common data language. Machines 
measure different parameters such as position, moving speed, mass and quality of harvest. Those operational and machine 
logging data from the registered machines data is stored within the platform´s database. 

Depending on the machine a full or a subset of data specifi ed in the standard can be used. Older machines 
may be retrofi tted with a much simpler hardware module (the most basic variant could even be a smart phone) 
providing only a subset of possible data as only a smaller number of sensors are available. 

The data is visualized within the portal and helps the farmer to optimize business processes or to meet documentation 
requirements. Especially when it comes to complex and detailed records of many synchronized machines the system 
shows its advantages. 

The system supports the manufacturers, the farmers and the contractors to draw very accurate conclusions and possible 
improvements through assembling and recording very detailed the parameters from the machines in a larger load 
spectrum from e.g. 100 machines.

4 Summary and perSpectIve
This paper discusses different technical concepts of a manufacturer-independent telemetric application. Re-
quirements of wireless communication in agriculture have been addressed. A solution, by usage of multiple 
communication standards is described. Furthermore the M2M-Teledesk Web-Portal is introduced. 
An important goal of the M2M-Teledesk project is the standardization of interfaces and protocols. To foster the success of 
the M2M eco-system the described architectural approaches need to be accompanied by innovative business and 
licensing models enhancing traditional machine-based business models. For example with “pay-per-use insurance 
/ leasing” insurance or leasing companies are able to bill for usage patterns instead of time. Substantial success criteria 
for new business models are to meet the necessary integration of business partners and distributed components. 
New “Anything as a Service” models will defi ne value networks and necessary trade-offs between several 
actors - as well as between competitors [3].
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