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Dear friends and colleagues,

It is our great pleasure to present to you this annual report* on the 2006 activities and academic
highlights of the Department of Geodesy and Geoinformatics of Universitat Stuttgart. The Depart-
ment consists of the four institutes:

> Institute of Geodesy (GIS),

> Institute of Photogrammetry (ifp),

> Institute of Navigation (INS),

> Institute of Applications of Geodesy to Engineering (IAGB).

Research

This annual report documents our research contributions in many diverse fields of Geodesy
and Geoinformatics: from satellite and physical geodesy through navigation, remote sensing,
engineering surveying and telematics to photogrammetry, geographical information systems and
location based services. Detailed information can be found in the following individual institutes’
sections.

Teaching

With our German Geodesy and Geoinformatics curriculum we have a vigorous programme with a
total enrolment of about 150 students. Diversity is one of the programme’s strengths: the female
student population is about 35%, whereas foreign students account for nearly 50%. One of the
academic highlights of the year 2006 was the successful accreditation and subsequent launch of
our international Master Programme Geomatics Engineering (GEOENGINE?). The programme
started with a limited number of students from such diverse countries as China, Indonesia, India
and Germany in Winter Semester 2006/2007. Beyond these two core curricula, the institutes are
involved in a host of other programmes around campus.

Academic Service

A number of important changes took place at the beginning of the Winter Semester 2006/2007.
Prof. Fritsch (ifp) completed his tenure as rector of Universitat Stuttgart. Prof. Kleusberg (INS)
assumed the position of Dean of the Faculty of Aerospace Engineering and Geodesy. Prof.
Sneeuw took over as Associate Dean (Academic) from Prof. Keller (both GIS).

Nico Sneeuw
Associate Dean (Academic)
sheeuw@gis.uni-stuttgart.de

1A version with colour graphics is downloadable from http://www.ifp.uni-stuttgart.de/publications/jahresberichte/jahresbericht.html
Zhttp://www.geoengine.uni-stuttgart.de/
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Technical Staff

Niklaus Enz, Ruping Hua, Martin Knihs, Lars Plate, Doris Reichert

External teaching staff

Dr.-Ing. Max Mayer - Landesamt fur Flurneuordnung

General View

The institute’s main tasks in education and research traditionally reflect on engineer-ing geodesy,
geodetic measurement techniques, data processing, and traffic information techniques. The daily
work is characterised by intensive co-operation with other engineering disciplines, especially with
aerospace engineering, civil engineering, traffic engineering, and construction management. Co-
operations also exist with other university institutes as well as with the construction and automo-
bile industry, and various traffic services. In education, the institute is responsible for the above
mentioned fields within the curricula for ,Geodesy and Geoinformatics* as well as for ,Geomatics
Engineering”, the master course in English language established in 2006. In addition to the edu-
cation in Surveying for Architects and Surveying for Civil Engineers, lectures on Acquisition and
Management of Planning Data are presented to the diploma course of Technique and Economy
of Real Estate. Furthermore, lectures are given to students of Geography and Traffic Engineer-
ing as well as two lecture in English within the master course Infrastructure Planning. Finally,
eLearning modules are applied in different curricula e.g. for geodetic measurement techniques
or for cartographic animations. The current research is reflected in most lectures and in diploma
theses.

This report shows several research activities which refer to projects supported by public funds.
Therefore chapter 3.3 is included into this report characterizing these projects and their environ-
ment by short descriptions.
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Research and development

Engineering geodesy and positioning technique
Modelling of moving objects

Three different filter approaches for modelling of moving objects and generation of vehicle trajec-
tories are developed and evaluated. Starting from a Kalman filter algorithm, which is based on
circular driving under static conditions, a shaping filter, and an adaptive shaping filter approach
were realised. Both are enabled to take inter-epochal correlations of GPS measurements into
account. These correlations were determined from empirical GPS time series. Their functional
description is an exponential function of the bell-shaped curve type. Due to the more correct
stochastic modelling, it is expected to achieve an improved automatic and real-time detection of
filter disturbances caused by GPS outliers. This is evaluated both in simulations with following
variance- and sensitivity analyses, and on the basis of numerous data from test runs. Research
in this topic is still going on.

Positioning by mobile phones

The project Do-iT (data optimisation for integrated telematic) deals with the acquisition of traffic
state and the forecast of traffic on the basis of multiple trajectories generated from anonymous
mobile phone data. Positions are generated for each participant in the GSM network. First results
based on the analysis of arc sections, adjusted from distances to several GSM antennas. The
distances were determined from signal strengths by use of attenuation models. In a second ap-
proach the signal strengths are directly matched onto a signal strength map, available for every
GSM antenna. The position on the map, in which the least squares sum of the deviations between
measured and given signal strength over all antennas is minimized, is the one searched for. Po-
sitions of one participant generated this way can be further on improved by smoothing. These
positions are generating a kind of corridor based on the uncertainties of the position estimation.
Within this corridor, data of the road network is extracted from the digital map (GDF). Most prob-
able trajectories are derived on the basis of shortest path algorithm. The figures stated below
show the results of the signal strength matching (RX-Matching) with following smoothing and the
matching to the road network afterwards. Additionally, the measured GPS trajectory is shown in
the first figure.
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Modular System for Construction Machine Guidance

For road construction, beside the classical guiding systems based on infrastructure equipment,
virtual guiding wires for machine guidance are in use. The primary sensors for positioning of
the machine are tachymeters or differential GPS. Due to machine orientation further sensors like
inertial sensors are necessary. Extensive development work is required to integrate and adapt
these sensors into the respective machines for any individual situation.
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Fig. 3: Simulator for guidance of construction machine

For this reason a modular system was developed for guidance of a construction machine (PoGu-
ide) at this institute. It was realized as a prototype using LabView®. All individual modules to-
gether form the PoGuide toolbox. Due to the modular design the toolbox can be used for individ-
ual tasks, for example automatic guidance of a vehicle on a given trajectory. For this purpose a
simulator was developed, using parts of the PoGuide Toolbox and consisting of a remote control
model truck, one robot tachymeter, and an interface between a PC and the remote control (shown
in figure 3). Due to the modular design different control algorithms can be analyzed without bigger
adoptions on the vehicle itself. In this year a notable improvement in control quality is reached by
enhancing the guidance module with a Kalman-Filter. The vehicle guidance could be stabilized
by an improved controller too. Further optimized control algorithms will be analyzed in the future.
In addition, teach-in-processes may be used to generate predetermined trajectories, the model
truck may follow to.
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Precise Positioning with GPS navigation type receivers

The investigations for use of GPS navigation type receivers for static positioning on geodetic ac-
curacy level are continued. The receivers are calibrated together with an especially constructed
adapter at the Geodetic Institute of the Technical University of Dresden. Afterwards baseline mea-
surements were realized. The baselines were measured using two navigation receivers as well
as one navigation receiver and one Leica SR530 receiver. The measurement time was defined to
30 minutes and the baseline lengths were chosen up to 1.1 km. Evaluation of the measurements
was carried out by using the software Wal developed by the engineering office Wanninger. The
software Wal is adapted to the evaluation problems occurring to the navigation receivers (half
cycle slips). The next figure shows the deviations of the measured coordinates to the given coor-
dinates for the three individual coordinate components, and the total 3-dimensional deviation. The
standard deviations show values of 1.5 cm for the horizontal components and below 2 cm for the
height.
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Fig. 4: Deviations of navigation receiver to given coordinates
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Traffic information techniques

With its activities in this area the IAGB is contributing to the interdisciplinary research and devel-
opment field of transport telematics with two core competences of geodesy and geoinformatics:
positioning of dynamic objects and provision of high-quality (geo) data and information. A va-
riety of activities is focussed on development of future mobility services and map-based driver
assistance systems. Verification and validation of innovative telematic services and systems are
performed by means of prototypical realisations, and using of suitable test sites and simulation
environments.

Main topics, besides others, are determination of vehicle position by using available on-board loca-
tion and movement data, and the correlation of the vehicle position to the digital transport network
by appropriate map-matching-technologies. The necessary application-specific geo-database and
transport information are specified and modelled. Capturing, maintenance, and provision of data
and information are designed and exemplarily implemented. To realize a quality assured data
capturing and provision the analysis of the entire information chain from source data to end user
is necessary. Usage of an adapted quality concept of (geo) data guarantees provision of data in
an applied quality and safety level.

Data modelling and preparation of geo data - assembling of a digital map as data base for positioning
of cellular phones and FPD calculation

Determinating traffic participant routes using cellular phone positioning techniques requires a
merged database of the cellular phone infrastructure, and a map of the road and railway network.
This database is called ,location network®. Traffic information calculated by cellular phone data is
named ,Floating Phone Data (FPD).

Main constituents of the localisation network, implemented during project Do-iT are:
> Position and direction of radio antenna of the cellular radio infrastructure
> Geometry and topology of the cells

> Radio wave propagation models and signal propagation data of cellular radio network plan-
ning systems

> Digital road network of individual traffic based on a commercial road map

> Traffic networks and timetables of public transport, e.g. railways of long distance trains and
local trains, route networks of line busses of several transport companies.



10

IAGB

T i
(==

Cell network

-m/ Localisation

R e e
e o T ety

Public transport Data

- schedule

- georef. bus line

- hubs
s e

et

transportation network
- road network data
- rail road data

Fig. 5: Data sources for establishing the localisation network

To analyse the cellular phone data with total coverage and as fast as possible, a process-optimised
calculation is essential. The data model of the localisation network was optimised for time efficient
data access and pre-proceeded for fast processing in operation. During the second part of the
project Do-iT the localisation network is implemented into the ,FPD-Server‘. The appropriateness
of the data network is tested in real time operations. By using these new technical expertises the
model will be optimised.

Identification of active traffic participants by using cellular phone data

For individual traffic state detection using cellular phone data a differentiation of active and non-
active behaviour of the subscriber in traffic is essential. Subscribers staying in buildings, or pedes-
trians, or those subscribers using public transport have to be identified and filtered out of FPD.
In the project Do-iT the IAGB develops methods to ascertain and describe the moving behaviour
using anonymous cellular phone data and to find out the kind of transport vehicle the subscriber
is using.

Figure 6 shows a general view of the identification steps to be implemented. Analysis functions
calculate a numerical membership for each traffic class. Using a plausibility model these traffic
classes get higher membership values agreeing best to the results of the analysis function. So
the positioning data of the anonymous cellular phone subscribers get more information on the
traffic class memberships and the individual traffic class ,active" or ,non active".

Timetables and line routes of the public transport vehicles (line busses, local trains, long-distance
trains) are included into the localisation network. Departure and arrival times of the public trans-
port schedules were transformed with a fuzzy technique, due to imbalances in schedule times.
Figure 7 shows the result of a test drive. The position membership of the subscriber going by bus
to traffic class ,line bus* of the analysis method is highlighted in red.
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A quality concept for geo data - Researches about impact of capturing and processing on geo data

quality

Basis of the IAGB quality management concept is a fixed set of inherent quality characteristics,
concretised by quality parameters (e.g. rate of change of attributes, rate of correctness of at-
tributes). For determinating quality parameter values suitable evaluation methods are to be used.
Management and exchange of quality values are effected by using metadata. The quality con-
cept can be used within the entire information chain from capturing via processing up to mobility
services.

The practicability of the quality concept was investigated within the demonstrator of the EC-project
EuroRoadsS. Therefore quality of collection and provision of speed limit information within a digital
road database were analysed for a speed advice system.

The impact of acquisition processes on data quality was researched within the county of Ansbach
(Bavaria) in cooperation with the project partners PTV AG and Bavarian Board of Building. Speed
limit information from different public data sources were georeferenced on a commercial road
network by using the INTREST-System. The quality of the captured data was evaluated by a
detailed analysis of the capturing processes; e.g. rate of up-to-dateness, rate of change. Based
on this experience recommendations were derived for quality assured area-wide capturing of
speed limit information.
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97.50
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rate of up-to-dateness

Jan Febr harch April LET June July Aug Sept oct Mo Dec
Month in Year 2005

Fig. 8: Impact of annually updating (permanent and variable speed limits on highways in 2005 in
North Bavaria)

The impact of processing on data quality was exemplarily researched by using test data of French
and Austrian mapping and surveying authorities. The impact of coordinate thinning on data quality
was evaluated. Furthermore the net matching and merging processes were evaluated regarding
their impact on correctness and completeness. Based on these knowledge recommendations
were derived for quality assured provision of speed limit information.
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A quality model for traffic information

In the research project Do-iT a quality model was developed, enabling the description of different
types of data, occurring within the generation of traffic data, in a consistent and comparable qual-
ity frame. We succeeded in merging of suggestions of different stakeholders to a set of quality
parameters which are important for the internal project data flow. Another aim of the project is the
allocation of adequate quality parameters for users of the generated traffic data. For that purpose
interviews with motorists at motorway stations and a survey of traffic providers were performed to
shed light on kind and extend of desired quality descriptions. It turned out that the motorists are
mostly interested in an amendment of traffic congestions by quality information, however, rather
by additional information allowing the motorist to estimate quality of traffic information on his own
than by direct quality parameters, such as standard deviations (see figure 10). Sometimes these
kinds of information, such as expected dead time or congestion tendency are already broadcast
by radio stations.
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Fig. 10: Desired additional information to traffic reports (source: performed interviews within
Do-iT; sample size: N = 150)
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The survey of the service providers showed a high interest in direct quality parameters, however,
with strong variations within the data type desired, as well as the corresponding quality descrip-
tion due to very different applications in parts. Applying cognitions of the surveys, instructions,
containing hints and suggestions for an adequate editing of quality information, were developed.

Analyses of information structures and information chains occurring in the processes of the part-
ners within Do-iT as well as the development of quality assurance methods are on focus for the
coming year.

Microscopic accident analysis to identify application fields for advanced driver assistance systems

(ADAS)

By order of DaimlerChrysler AG the study made in 2003 within the project INVENT, is updated.
For the study area Stuttgart East all accidents of the years 2003 and 2005 are added. Together
with the already available accident data of 1996 and 2001 the data base is increased to 1,274
accidents. Estimation of efficiency is focused on advanced driver assistance systems at intersec-
tions within urban road traffic, based on situational description of accidents and misbehaviour. In
this way, traffic situations with high conflict and hazard potential are detected and correlated with
the misbehaviour which is causal for the accident. The method microscopic accident analysis,
developed at the institute and applied in different studies, uses accident data from the police as
data source.

Misbehaviour in accident situations
FV7;0,0%

FV6; 2,9% FV1: Lane departure

FV5: 0,1% FV2: Mistake in distance control

FV3: Mistake in lane changing
F\V4: Disregard of traffic light
FvE: Disregard of right of way resp. priority

Fv6: Mistake in transition from resting to moving
traffic

FV2; 36,0% FV7: Mistake in park or shunt manoeuvre combined
with a collision with a stationary obstacle

FV4; 30,9%

Fv8: Wrong behaviour towards pedestrians and
cyclists

FV3; 8,6%

Fig 11: Frequency of misbehaviour at intersections with traffic lights at Stuttgart East (N = 1,274
accident situations, accident data from 1996, 2001, 2003, and 2005)
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Projects - short descriptions

EuroRoadS (Pan-European Road Data Solution)

|
euroroads

EuroRoads is a project funded by the European Commission within the eContent-programme and
finalized in August 2006. Aim of the project was the development of a platform for delivering public

road data. By harmonised data exchange access will be simplified.

Focus of IAGB was development and implementation of a quality management concept for road
data. Therefore a quality model was developed to be applied within the entire information chain
and being part of the specified metadata catalogue. Feasible evaluation methods allow measuring
of actually reached data quality and are an essential part to deliver quality assured road data. The
approach with the specified data exchange model and quality management concept was realised

and verified in different test sites.
Project website: www.euroroads.org
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Fig. 12: Tasks for quality management of road data processing according the PCDA-cycle
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Do-iT (Data optimisation for integrated Telematics)

Do-iT

Do-iT deals with acquisition of traffic data using mobile phone data. The application of the so-
called floating phone data (FPD) for traffic planning and traffic control is investigated. The project is
funded by the German Federal Ministry of Economics and Technology (BMWi) within the research
initiative ,Verkehrsmanagement 2010“. Duration is from April 2005 to June 2008.

Main activities of the IAGB are as follows:
> Localisation by mobile phone data
> Generation of routes using map-matching-technologies
> ldentification of active road users
> Implementation of an accompanied quality management.

Project-website: www.vm2010.de/web/projekte/do-it.html
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Fig. 13: System architecture and information flow for generation of floating phone data
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GeolTCS

The IAGB and the Institute for Railway and Transportation Engineering of the University of
Stuttgart work together in close co-operation with an industrial enterprise on the implementation
of the results from research project RUDY. Within the project the achieved findings from integra-
tion of geo-information into intermodal transport control systems (ITCS) shall be transferred into
a saleable product. Following topics are of peculiar interest:

> a board-autonomous map-based location including control of all operational events such
as passenger information, communication of deviations from timetable, priorisation at traffic
lights.

> a central disposition of standard operation, in case of incidents, and public transport on
demand.

> a tool for capturing and managing the necessary geo-database
> a planning tool for provision geo-coded timetable and operation data.

Activities of Prof. Dr.-Ing.Dr.sc.techn.h.c.Dr.h.c. Klaus W. Linkwitz in 2006
Formfinding of Lightweight Surface Structures

The two-hour-lecture ,Analytic Formfinding of Lightweight Surface Structures* was incorporated
into the 4-Semester Master Course ,Computational Mechanics of Materials and Structures (COM-
MAS)" for foreign students. It was given as a 32-hour compact course in the summer semester
2006. The additional appertaining practical computer exercises were performed on windows-
NT-computers of the CIP-pool of the course ,Water Resource Engineering and Management
(WAREM)* of the department ,Civil- and Environment Engineering in the University Campus
Pfaffenwald. The exercises were intensified, as a final, formally rated, project-work was demanded
from the students

Further lectures of K. Linkwitz

As part of the obligatory course ,Engineering Geometry and Design* given to civil engineers in
their first semester by the Institute of Construction and Design Il, two lectures on the subject
~Typical examples of computer-aided geometric design* were held.
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Diploma Theses
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Schnelle, Sigrid: Erstellung eines interaktiven internet-basierten Lernmoduls zum europaischen
Satellitennavigationssystem Galileo.

Vlachou, Olga: Erstellung eines GIS-gestitzten E-Learning-Moduls zur kartographischen 3D-
Visualisierung - dargestellt am Beispiel von Geodaten in Stuttgart-Vaihingen.

von Vangerow, Philipp: Optimierung prognostizierter Fahrzeiten aus Ortungsdaten zur Steuerung
von OPNV Fahrzeugen im Projekt RUDY.
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Tsoupas, Apostolos: Erstellung eines E-Learning Moduls fiir die Immobilienwirtschaft - dargestellt
am Beispiel einer GIS-gestitzten Standortplanung fiir ein Hotel im Stuttgarter Stiden.

Zhou, Tong: Uberfiihrung eines StraBendatensatzes in eine Knoten-Kanten-Struktur.

Study works

Miao, Qiong: (Teil-)automatisierte Integration von Geschwindigkeitsdaten in ein StralRennetz mit
ArcGlIS.

Ye, Zi: Erstellung eines E-Learning-Moduls zur Kartengestaltung - am Beispiel der (teil-) automa-
tisierten Visualisierung von Stra3endaten mit ArcGIS.

Education
Surveying |, Il for Civil Engineers (Mohlenbrink, Laufer) 3/1/2/0
Surveying for Architects (Mohlenbrink) 2/0/0/0
Acquisition and Management of Planning Data (Mohlenbrink, Kaufmann, Schollmeyer)  2/1/1/0
Geodetic Measurement Techniques |, Il (Wiltschko, Wengert, Ramm) 4/2/0/0
Statistics and Error Theory |, Il (Schwieger, Metzner, Ramm) 2/2/0/0
Basic Geodetic Field Work (Ramm, Beetz) 5 days
Integrated Field Work (Schwieger, Laufer) 10 days
Surveying (Mohlenbrink, Beetz) 2/1/0/0
Surveying Engineering |, IV (Modhlenbrink, Czommer) 4/2/0/0
Surveying Engineering Il, Il (Schwieger, Beetz) 4/2/0/0
Multisensor Systems for Terrestrial Data Acquisition (Schwieger, Schollmeyer) 1/1/0/0
Causes and Impacts of Deformations in Structures (Méhlenbrink) 2/0/0/0
Geodetic Seminar I, 1l (Fritsch, Keller, Kleusberg, Méhlenbrink, Sneeuw) 0/0/0/4
Thematic Cartography (Mohlenbrink, Kaufmann) 1/1/0/0
Traffic Telematics (Wiltschko, Czommer) 2/1/0/0
Reorganisation of Rural Regions (Mayer) 1/0/0/0
Terrestrial Multisensor Data Acquisition (Schwieger, Schollmeyer) 2/1/0/0
Data Management and Analysis (Mohlenbrink, Kaufmann) %/%/O/O

GIS Based Data Acquisition (Schwieger, Kaufmann) 1/1/0/0
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Research

Spaceborne Gravimetry

Gravity field recovery from kinematic CHAMP-orbits by means of the acceleration approach

For the gravity-field analysis from CHAMP-data an acceleration approach was developed and ap-
plied successfully for the analysis of real satellite data. In the acceleration approach, the satellite’s
accelerations are computed from the kinematic orbit, which had been transformed into the quasi-
inertial reference frame before. This is realized by means of numerical differentiation of second
order, where the application of Newton-interpolation turned out to be suitable. Normally numerical
differentiation leads to an increase of noise, but if the noise is correlated, the effect of noise can be
diminished. In our case, since the noise of kinematic orbits is correlated, numerical differentiation
can be classified as unproblematic in our case. In the next step, the obtained accelerations are
reduced from disturbing gravitative and non-gravitative effects. By means of Newton’s Law of Mo-
tion, these reduced accelerations are balanced by the gradient of the gravitational potential. The
gravitational potential is represented by means of a spherical harmonics series expansion, where
the spherical harmonic coefficients appear linear in the system of equations. For a resolution up
to degree 90 from a two years’ kinematic orbit data set 8278 parameters have to be estimated
out of 6 millions of observations. In order to solve the system of equations for such dimensions,
the method of preconditioned conjugate gradients (PCCG) is implemented, which ensures a sta-
ble and fast convergence. The convergence rate (5-15 iterations) can further be enhanced by
application of a block-diagonal preconditioner.

From kinematic CHAMP-orbit data sets of the epoch March 2002 - March 2004, which were com-
puted and provided by the IAPG (TU Munich) various gravity field solutions with a resolution up
to degree and order [,,,, = 90 were estimated. Due to bad constellations of the GPS-satellites
or too little observable GPS-satellites kinematic orbits may contain outliers and jumps which af-
fect the accuracy of gravity field recovery quite strongly. For this reason, several outlier detection
and removal strategies as wavelet-filtering, treshholding by means of orbit variances, treshhold-
ing by means of a comparison with reduced-dynamic orbits or robust estimation were tested. The
best results were obtained with an application of the robust Huber-estimator within a re-weighted
least-squares-algorithm, where already 2 iterations lead to convergence. Figure 1 shows a com-
parison of the estimated model GIS-CHAMP-Huber with the best pre-CHAMP-model EGM96 and
two CHAMP-models EIGEN-3p und EIGEN-CHAMPO3S, which were estimated with the classical
approach. The figure indicates that CHAMP-data leads to a significant improvement in contrast to
pre-CHAMP-models for long-wavelength features of the gravity field. The figure also reveals that
the acceleration approach is able to compete with other methods for CHAMP-data-processing.
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Figure 1: GIS-CHAMP-Huber compared to EGM96 and CHAMP-models, which were estimated
by means of the classical method (EIGEN-3p, EIGEN-CHAMPO03S)

Global and local gravity field recovery from CHAMP and GRACE using the energy balance approach

Applying the energy balance approach to CHAMP data yields gravity field solutions on the same
level of accuracy as the official EIGEN-solutions of the GeoForschungsZentrum Potsdam, thus
proving the suitability of this approach. In particular, the current research aims at a reprocessing of
kinematic position data and at a refinement of the data processing strategies. Although the energy
balance approach is theoretically simple, its implementation proved to be quite challenging. By
refining the processing techniques an improvement of up to 30% is reached for the low degree
spherical harmonic coefficients. Nevertheless, the solutions still depend strongly on the variability
of the ground track. The quality of the monthly solutions can vary up to one order of magnitude, cf.
Figure 2. Since CHAMP and GRACE data is available for overlapping time periods, it is possible
to compare and combine the data for the calculation of spherical harmonic coefficients up to
degree 70. It is important to note that the two GRACE satellites are considered independent,
i.e., three single satellite missions of the CHAMP-type. The advantage is that the data availability
is tripled and insight into the quality of the provided data is gained. Of course, by neglecting
the highly precise inter-satellite range measurement the accuracy of the GRACE solutions like,
e.g., GGMO02, is not achievable. However, the new and unique combination method yields a more
homogeneous set of solutions and reaches the edge of the recoverability of a time-variable gravity
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signal from high-low satellite-to-satellite tracking missions. Since the CHAMP satellite is at a lower
altitude than the GRACE satellites for the same time period, the effects of upward and downward
continuation can be studied. In addition, the energy balance approach provides in-situ potential
values along the orbit, thus the gravity field recovery can also be done in local areas. The aim
is to make optimal usage of the data distribution in the high latitude area. For this, interpolation
and downward continuation techniques are investigated and an improvement, compared to the
global solutions, is achieved. Overall, the analysis provides new and valuable insight into the data
processing of satellite-to-satellite tracking data using the energy balance approach.

Difference degree RMS-range w.r.t. GGM02s: Imax = 70

GRACE B

.
GRACE A

0 10 20 30 40 50 60 70

degree
Figure 2: Spread of the difference degree RMS w.r.t. GGMO02s of the monthly CHAMP and
GRACE solutions

GOCE Gravity Field Recovery

Dedicated to be launched in autumn 2007, the ESA satellite mission GOCE (Gravity field and
steady-state Ocean Circulation Explorer) will be the first gradiometer experiment in satellite
geodesy history. To meet the scientific objectives, national programs have been designed to
support the activities of the European GOCE Gravity Consortium (EGG-C). The German part
is called GOCE-GRAND (GOCE GRavitationsfeldANalyse Deutschland). It is funded by the Fed-
eral Ministry of Education and Research (BMBF) and the German research foundation (Deutsche
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Forschungsgemeinschaft) within the GEOTECHNOLOGIEN Il program ,Observation of the Sys-
tem Earth from Space“. Originally initiated in 2002, due to the successful activities in the first
funding phase, GOCE-GRAND has been extended for funding until at least October 2008. Part-
ners of the national project are the Universities in Stuttgart, Munich, Bonn, Hanover and Hamburg
as well as the GeoForschungsZentrum (GFZ) Potsdam and the Federal Agency for Cartography
and Geodesy (BKG) in Frankfurt.

In particular the GIS is concerned with gravity field processing from satellite tracking and gravity
gradiometry data. More precisely we deal with the following topics: (i) Kinematic orbit analysis
for long-wavelength structures recovery, (ii) Gradiometry analysis in terms of rotational invariants
of the gravitational tensor, (iii) Investigation and solution of the polar gap problem, (iv) Stochas-
tic characterization of the gradiometer instrument by means of residuals analysis, (v) Fast and
efficient Least Squares solvers and (vi) Parallel implementation of the routines.

Slepian Functions for Satellite Geodetic Applications

From the mathematical point of view, global gravity field modeling is typically based on spheri-
cal harmonic expansion of the potential function. Legendre functions, and thus surface spherical
harmonics, are defined globally and satisfy the orthogonality relations on the sphere. However,
satellite ground tracks often leave out polar areas. Especially for the GOCE (Gravity field and
steady-state Ocean Circulation Explorer) mission a double polar cap with a radius of more than
six degrees (Og ~ 6.6°) will not be covered by observation data, cf. Figure 3. The misfit between
data measurements and the geopotential modeling is conventionally treated by augmenting data
in the polar regions. Alternatively, we propose the Slepian approach. The philosophy of the ap-
proach is not to adapt the observation scenario to the modeling but, instead to adapt the parame-
terization of the geopotential to the observations. This results in band-limited base functions that
are optimally concentrated on the spherical belt of data coverage. Exemplary for order m = 0 and
the maximal function index 50, Figure 4 display the spatial concentration of Slepian functions.

Z 0,~66°

Belt B

cap C

Q=BuC
Figure 3: GOCE mission configuration
Besides the polar gap problem, Slepian functions can be used in geodesy for the modeling of

arbitrary local phenomena such as surface mass densities due to hydrological changes. This
field of research is based on time-varying gravity field models provided by the GRACE (Gravity
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Recovery And Climate Experiment) satellite mission. Only base functions with local support allow
adequately map regional physical properties. It is important to mention that basically the Slepian
approach is to take into consideration for any band-limited problem. In this context, its special
application in satellite geodesy with regard to GRACE and GOCE is just an example.

50|
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Figure 4: Slepian functions (L = 50, m = 0)

Future mission design

Through its monthly Earth gravity field solutions, the twin satellite mission GRACE has an enor-
mous impact in geodesy, hydrology and related Earth science disciplines. Nevertheless it suffers
from a number of weaknesses:

> 1. Of all potential satellite formations, the GRACE scenario, i.e. an in-plane leader-follower
configuration, is one of the weakest choices in terms of gravitational signal in the satellite-
to-satellite tracking (SST) observable.

> 2. The combination of along-track SST and a mainly North-South ground-track causes a
strong North-South error behaviour in the gravity field and geoid solutions.

> 3. Time-variable gravity signals with typical timescales below one month are aliased into the
monthly solution.

The concept of formation flying (FF) would solve the former two problems. Several formation
types, beyond the GRACE configuration, are subject of research: Pendulum configurations, as
for the planned geomagnetic mission SWARM; CartWheel formations, as designed for INSAR
applications; and relative circular motion, as it is planned for the gravitational wave detection
mission LISA. Each of these alternative mission scenarios outperforms a GRACE-type scenario
in terms of signal strength and error behaviour of the resulting gravity fields and geoids.
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Figure 5: Typical error characteristics from gravity field recovery using satellite formations. Geoid
height residuals in meter (from top: GRACE, Pendulum, Cartwheel and LISA). Note the different

gray scale for GRACE.
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GRACE Hydrology

The GRACE gravity field mission produces time series of the Earth’s gravity field with a monthly
sampling. Gravitational signals at lower frequencies will necessarily alias into the monthly so-
lutions. After dealiasing, i.e. by applying global models for atmosphere, tides and oceans, the
remaining time-variable gravity signal is mainly due to changes in the hydrological mass budget.

In the framework of the DFG-funded Priority Programme ,Mass Transport and Mass Distribu-
tion in the Earth System", SPP 1257, the Institute of Geodesy is leading the project , The global
continental water balance using GRACE spaceborne gravimetry and high-resolution consistent
geodetic-hydrometeorological data analysis‘. In a joint effort with hydrologists and atmosphere
scientists it is attempted in this project to model gravitational changes and hydro-meteorological
parameters like river run-off, evapo-transpiration and atmospheric moisture fluxes in a consis-
tent way. The first phase of this 6-year project is concerned with the validation and calibration of

GRACE mass budget estimates in climatological zones of known, e.g. zero, hydrological signal.

Groundwater

Figure 6: Water cycle, courtesy of ESA
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Figure 7: Rhine / Danube system

GOCE Oceanography

The European satellite gradiometry mission GOCE, which is due for launch late 2007 or early
2008, will provide a high-resolution geoid of high and homogeneous accuracy. In combination
with sea surface height information from satellite altimetry the GOCE geoid will enable to derive
the difference of these two surfaces: the sea surface topography. Although in principle a simple
subtraction, this is not a trivial task. Two signals of about +£100m are subtracted to yield a sea
surface topography signal of a few dm in magnitude. This procedure is highly sensitive to errors.
One of the problems is resolution: a typical footprint of satellite altimetry is about 7 km, whereas
the GOCE resolution is rather 100 km. Subtraction in the spectral domain, which would be the
obvious solution to this problem, is not directly feasible either, since the sea surface height from
satellite altimetry is only provided over the ocean surfaces. To solve these problems, or at least to
hide them from future oceanographic users of GOCE products, has been the topic of research of
the European Space Agency project GOCE User Toolbox Specification.
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Figure 8: Sea surface topography, courtesy of NASA-JPL
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Figure 9: Geostrophic ocean circulation, courtesy of NASA-JPL
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Gravity and Geoid Modeling
Geoid modeling in the singularity-free gravity space formulation

The classical geodetic boundary value problem (GBVP) is a linear free boundary value prob-
lem, which implies considerable mathematical difficulties for the investigation of its existence and
uniqueness properties. Almost 30 years ago F. Sanso has pioneered a break-through concept
for solving the GBVP, which has become known as the gravity space approach. F. Sanso pro-
posed a solution of the GBVP by mapping it into an auxiliary space referred to as gravity space
by using the well-known Legendre transformation, the simplest form of a contact transformation.
Prompted by the fact that F. Sanso’s transformed problem suffered from a singularity at the ori-
gin, W. Keller suggested several years later a modified contact transformation. His singularity-free
gravity space approach holds, after linearization with respect to a spherical normal potential, the
same mathematical structure as the simple Molodensky problem. Thus, all well-known and com-
monly used algorithms and procedures developed for the solution of the traditional Molodensky
problem can be used further on. Despite conceptual advantages of treating the geodetic boundary
value problem in gravity space, the numerical evaluation of the linearized problem implies certain
difficulties originating mainly from linearization at a spherical normal potential. Lately, remedy is
sought-after in adopting an ellipsoidal normal potential as linearization point. Therefore, the aim of
present research is to examine the suitability of using an ellipsoidal normal potential as lineariza-
tion point. The key questions to be answered are, whether the mathematical structure of a simple
Molodensky problem can be preserved and whether introducing an ellipsoidal normal potential
is numerically advantageous. For the first time, numerical experiments have been conducted to
verify the theoretical concepts of the various gravity space formulations. They give indication that
gravity field determination can also successfully be carried out in gravity space.

Astro-Gravimetric Geoid Determination

A broad range of geodetic, geophysical, oceanographic, and engineering applications require pre-
cise geoid models. An advanced geoid determination method has been developed, based on the
remove-restore concept. The availability of GPS coordinates of the observation point leads to a
fixed-free boundary value problem. In contrast to existing methods, all reductions are formulated
according to ellipsoidal geometry. Furthermore, a new definition of the deflection of the vertical in
3D space at observation level leads to a significantly better approximation of the measured quan-
tities. It results in a smoother signal which causes smaller errors in the downward continuation
process. It should be emphasized that this method is open for any kind of observables related to
Earth’s gravity potential. They are formulated as integral equations of the first kind. The inversion
combines all different types of observations. Each type can contribute its particular strength to the
solution. This allows the combination of historic data with recent measurements. The method has
been successfully tested for the determination of the Finnish geoid.
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Microgravimetry

In summer of 2006, the Institute of Geodesy acquired a Scintrex CG-5 Autogravimeter. Now we
are able to precisely measure gravity differences in microgal resolution with present state-of-
the-art technology. The device is a full automatic relative gravimeter with a quartz spring. This
involves no more influence by the Earth magnetic field and reduces the influence from mechanical
shocks and radio link systems. The CG-5 is able to reduce tidal effects, tilt corrections and internal
measurement errors - like drift of the quartz spring - in situ. Position and time for the tidal correction
are retrieved with an associated GPS antenna.

Of utmost importance is the precise determination of the gravimeter calibration factor. At
Zugspitze, the Universities in Hannover and Munich installed a calibration line with high accu-
racy and a large gravity range (~ 500mGal). We will work close together with these established
research groups in gravimetry to determine the best calibration factor for our gravimeter. Another
intention is to find out more about behaviour and special manners of the new CG-5 type series. In
cooperation with the Landesvermessungsamt Baden-Wiurttemberg we perform local gravity sur-
vey campaigns. Our objective for the near future is the investigation of the local gravity field as
well as the validation of data provided by airborne gravimetry.

CG-5 AUTOGRAV™ scarmer

i

Figure 12: Scintrex CG-5 and LCR No.754 of Institute of Geodesy at Hornisgrinde
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Geodynamics

Surface Deformation Analysis of Dense GPS Networks based on Intrinsic Geometry (Deterministic
and Stochastic Concepts)

Here we present a method of differential geometry, an intrinsic approach that allows deformation
analysis of the real surface of the Earth on its own rights for a more reliable and suitable estimate
of the surface deformation measures. The method takes advantage of the simplicity of the two-
dimensional Riemannian manifold spaces versus the three dimensional Euclidean spaces without
loosing or neglecting information and effect of the third dimension in the results. Here we describe
the regularized Earth’s surface as a graded two-dimensional Riemann manifold, namely a curved
surface, embedded in a three dimensional Euclidean space. Thus, deformation of the surface can
be completely specified by the change of the first and second fundamental tensor, namely metric
and curvature tensor, of the surface, which changing of curvature tensor is responsible for detec-
tion of vertical displacements on the surface. This study describes analytical modelling, derivation,
and implementation of the surface deformation measures based on the proposed method, par-
ticular attention to the formulation a