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With painstaking precision and devotion to detail, good 
scientists challenge accepted ideas – bit by bit. They 
are motivated by the desire to improve the world around 
us and our everyday lives. In this edition of Faszination 
Forschung, we invite you to discover how years of work 
by TUM researchers can result in truly groundbreaking 
findings.

History was made on June 12, 2014, at the opening cer-
emony of the soccer World Cup in Brazil, when a paraplegic 
man took the first kick of the tournament using the power 
of his mind. Gordon Cheng, head of the TUM Institute for 
Cognitive Systems and an expert in robotics, worked with 
colleagues in the US to develop the “exoskeleton” that made 
this dream a reality. 

On May 28, 2014, TUM Chair of Proteomics and Bioanalytics 
Bernhard Küster published one of two initial comprehensive 
maps of the human proteome. This achievement is on a par 
with the first complete sequencing of the human genome by 
Celera Genomics and the Human Genome Project in 2001. 
Mapping the proteome – in other words, all the proteins in 
the human body – is a second crucial key to unlocking the 
mystery of human life. 
With her new research showing that it may be possible to 
cure hepatitis B, Ulrike Protzer has achieved a scientific 
breakthrough. Over 250 million people suffer from persistent 
hepatitis B infections. Until now, doctors were able to treat 
only the symptoms of this chronic viral infection, which can 
cause severe liver damage. Through her work in virology, 
Protzer has found a way to destroy the DNA of the hepatitis 
B virus, opening up new therapeutic possibilities.   

The European Space Agency’s GOCE satellite mission pro-
vided the most precise measurements of the Earth’s gravi-
tational field established to date. The satellite orbited the 
Earth 27,000 times, collecting more than five terabytes of 
data. Geodesist Roland Pail, coordinator of the GOCE Grav-
ity Consortium, used the data to create today’s most pre-
cise gravity model of Earth. Researchers from a wide range 
of fields – from oceanography and climate studies through 
geophysics and geology to construction and civil engineer-
ing – can apply the GOCE data to their work. 

There has long been a demand in industry for affordable gas 
sensors suitable for mass production. Paolo Lugli, Chair of 
Nanoelectronics at TUM, has come up with a solution us-
ing carbon nanotubes as sensors. He has developed a cost-
effective process that allows these sensors to be sprayed or 
printed onto both small and large surfaces. 
In his latest book on calculating the world, renowned phi-
losopher and scientific theorist Klaus Mainzer explores the 
world of big data – where processes are used to comb 
through large amounts of data to establish contextual rela-
tionships. He also looks at the risks and restrictions associ-
ated with these processes. In an interview in this publication, 
Mainzer explains his main theses, based on many years of 
research into algorithms. 
Big data is also important in networking technical systems 
that communicate with one another. Georg Sigl is respon-
sible for uncovering security gaps in these systems and 
developing technologies to close these loopholes. As an IT 
security expert, he focuses mainly on controllers in machin-
ery or industrial equipment – an area increasingly targeted 
by hackers. 

In this issue you will discover more about our researchers 
and their ongoing search for the solutions of tomorrow. Enjoy!  

Prof. Wolfgang A. HerrmannP
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Diagnostics of virus infections. To allow correct diagnosis of viral infection, quality-assured modern diagnostics are essential. Patient material from 
the clinics is initially processed and prepared (top left) for analysis with standardized diagnostic assays (bottom left). Before reports are finalized, spe-
cialized medical virologists discuss the results (right).
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A virus with unusual DNA

The hepatitis B virus is extremely host-specific – it can infect only 
humans and chimpanzees. It is characterized by its circular DNA, 
which is only partially double-stranded – one strand is shorter 
than the other. Only when this strand is completed in the liver cells 
does the virus assume its permanent form: covalent closed cir-
cular DNA (cccDNA), which persists as a minichromosome in the 
cell nucleus. 

Lipid membrane

Capsid

Protein

rcDNA
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human host to remain healthy and capable of reproduction 
for as long as possible. 
It is only when the infected person has become a young 
adult and passed the virus on to their own offspring that the 
damage caused to the liver becomes clear. Cirrhosis and 
liver cancer (known as hepatocellular carcinoma) are the 
most common long-term consequences. These conditions 
are untreatable in most cases, with 50 percent of patients 
dying within six months of diagnosis.
The virus is engineered to pass from mother to child. While 
the immune system of adults is well equipped to fight the 
hepatitis B virus, children can’t efficiently eliminate the 
virus. In fact, 90 percent of all babies and small children 
who come into contact with the virus become chronic virus 
carriers. The figure for adolescents and adults is just 5-10 
percent. 
This complicates efforts to prevent infection in the first 
place. There is a vaccine, but it has to be administered prior 
to infection or – to stop the virus being passed on from 
mother to child – in the first 24 hours after birth. In rural 

China or remote African villages, this is simply not prac-
tical. “Wiping out this disease through vaccination alone 
will be very, very difficult,” stresses Protzer. That is why her 
research is concentrating on ways to eradicate the virus 
from the liver cells. While the latest drugs are capable of 
controlling hepatitis B, they cannot eliminate it.

The virus uses the liver cells 
The hepatitis B virus is amazingly small and unbelievably 
efficient. Its genome consists of just 3,200 base pairs con-
taining all of four genes. “That this thing can survive at all is 
astonishing in itself,” says Protzer. The human genotype is 
a million times bigger, and even the herpes viruses have 50 
to 70 times more DNA than hepatitis B. 
When a person becomes infected, the virus circulates in 
their blood until it reaches its target: the hepatocytes in the 
liver. A transporter with the job of conveying bile acid from 
the blood to the liver “smuggles” the hepatitis B virus into 
the cells unnoticed. The virus then latches on to the cell 
nucleus, opens its capsid and imports its tiny genome 

The hepatitis B virus uses liver cells (hepatocytes) for reproduction. 
The free virus (virion) recognizes hepatocytes via the NTCP receptor 
(1) and is taken up by invagination of the cell membrane (2). The virus is 
released into the cytoplasm (3) and its genome (rcDNA) is imported into 
the nucleus (4), where it is converted (5) into so-called cccDNA that per-
sists lifelong in infected cells. The genetic information for the production 
of new virions is transcribed into RNA (6), which gets translated into new 
viral proteins (7). The newly synthesized proteins are assembled to form 
new capsids (8) in which the incorporated genomic RNA intermediate is 
reverse transcribed into rcDNA (9). New capsids can be either reimport-
ed into the cellular nucleus or enveloped and secreted from the cell (10).

Virology
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Virology

State-of-the-art technology enables sophisticated bench work and translation of basic findings into clinical applications. Confocal microscopy 
with an incorporated incubation chamber allows real-time imaging of virus infection and reconstruction of three-dimensional images of infected cells 
(left). Generation and cultivation of genetically modified T cells is being adapted to “good manufacturing process” guidelines (a regulatory requirement 
for clinical use) to enable a translation of this approach into clinical applications (right).

into the cell nucleus via a mechanism that is not yet fully 
understood. The cell is an active assistant in this process. 
“We are not sure how the virus DNA gets into the nucleus 
through the nuclear pores, but we do know that cellular 
proteins are involved,” affirms Protzer. 
Once the virus has penetrated the cell nucleus, the cell 
does all of the work for the virus. First, it assists in convert-
ing the only partially double-stranded, circular virus DNA 
into its permanent form cccDNA. It does this by inserting 
the missing base pairs and fixing the loose ends. Only then 
can the virus genes be transcribed and proteins produced. 
Here too, the human cell lends a helping hand. Protzer ex-
plains the dilemma: “If we tried to disrupt the viral protein 
synthesis or the DNA transcription, we would end up dam-
aging the cellular enzymes. Hepatitis B ensures that we 
have very few areas to target.”

Very few weak points
Recently, Ulrike Protzer succeeded in finding one of these 
rare weak points to target. Together with her research team, 

she discovered a way to degrade the cccDNA in the cells 
without damaging the liver cells. “It was fascinating to see 
that there are actually ways for the immune system to elimi-
nate a particular DNA from the cell nucleus, because that 
can easily become critical for the cell,” she relates. The 
researchers used special immune mediators to stimulate 
receptors on the surface of the liver cells. Signal pathways 
are then triggered inside the cell, and these result in the 
formation of APOBEC proteins. These proteins belong to 
the large group of deaminases. They function rather like 
scissors, specializing in cutting off amino groups (nitrogen-
containing side chains) from other molecules. 
The APOBEC proteins bind to a virus protein and are thus 
conveyed to the cccDNA. There, they proceed to cut up one 
of the building blocks of DNA, the base cytosine. Dozens 
of amino groups detach the APOBEC proteins, making the 
virus DNA useless. Eventually, it is completely degraded. In 
theory, the cell could repair the faulty virus DNA, but luckily, 
it does not. “It could be that the cell simply capitulates in 
the face of too many faults,” reckons Protzer. The fact 
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Different approaches to eliminate HBV-infected hepatocytes. Top: Upon treatment with cytokines like IFN-α or LT-β, infected cells upregulate 
APOBEC deaminases. These proteins enter the nucleus and remove amine residues from the viral cccDNA, finally resulting in fragmentation of the viral 
genome. Bottom: Infected cells can be recognized by T cells engrafted with genetically modified receptors. These are optimized either for recognition 
of HBV proteins on the MHC molecules produced by the cell (right) or for binding to HBV proteins incorporated into cellular membranes (left).
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Working for twenty years in infectious dis-
eases and infection research, Prof. Protzer 
has specialized in viral hepatitis. With recent 
advances in the field, including her own 
findings about novel ways to eliminate the 
virus from infected cells, she is driven more 
than ever by the goal to cure patients with 
hepatitis B.
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that Protzer and her team have found a mechanism to elimi-
nate the virus DNA from liver cells without destroying them 
opens up exciting new therapeutic possibilities. For a long 
time, researchers thought that chronic hepatitis B could be 
treated only by completely destroying the infected cells. 
There is one catch, however. In experiments carried out 
so far, it has never been possible to eliminate all of the 
cccDNA. The researchers were able to generally degrade 
50 to 60 percent, or at most 80 percent, of the virus DNA in 
this way. “For the rest,” says Ulrike Protzer, “we need the 
help of the immune system.”

T cell therapy to destroy infected or abnormal cells 
To be more exact, help is required from the T cells. As part of 
the immune response, T cells destroy infected or abnormal 
cells in the body. The diseased cells draw attention to them-
selves by presenting fragments of viral proteins, known as 
antigens, on their surface, thereby attracting T cells.
The fact that 90 percent of all adults who come into con-
tact with the hepatitis B virus are able to clear the infection 
with their immune system shows that the body has its own 
defense mechanism. But in patients who are chronically 
infected, the immune system is not up to the task. Like a 
bloodhound unable to pick up the scent because of a cold, 
the killer cells aimlessly pass by the infected hepatocytes 
instead of attacking them. 
“That is why we have to activate the T cells and specifically 
direct them toward the infected cells,” explains Protzer. 
This approach has already worked in a mouse model. The 
scientists took blood from infected mice and added new 
receptors to the T cells. These chimeric antigen receptors 
were modified to recognize the surface protein of the hepa-
titis B virus and classify it as foreign and dangerous. 
When injected back into the mouse, the modified T cells 
with their new receptors become immediately aware of dis-
eased cells in the liver tissue. They latch on to them and 
release cytokines. With these semiochemicals, they prompt 
neighboring cells to search for virus DNA in their cell nuclei, 
too. Finally, the T cells destroy the infected somatic cells. 
Since both chronically infected cells and liver cancer cells 

display the surface protein of hepatitis B, infected and ab-
normal or cancerous cells can be destroyed with the same 
mechanism. This T cell therapy has made headlines in re-
cent years in connection with the treatment of tumors in 
particular. Indeed, the journal “Science” declared it the 
breakthrough of the year in 2013. “I think that we will have 
to combine both methods to arrive at a treatment for chron-
ic hepatitis B: destroying the cccDNA with the APOBEC 
proteins in conjunction with T cell therapy. We are currently 
investigating whether we can replace the modification of 
the T cells with specific antibodies, thus simplifying the 
therapy,” relates Protzer. Her mission in life is to develop a 
treatment for chronic hepatitis B. Having now discovered 
more than one mechanism to eliminate the virus from the 
liver, she is a few steps closer to realizing her dream. 
Ulrike Protzer hopes to see more medical professionals 
choosing the research avenue to search for treatments for 
dangerous infectious diseases. Even though Germany has 
an excellent basic research platform for hepatitis B, there 
is still a shortage of people who are able to bridge the gap 
between laboratory and clinical practice. “I would love to 
see some improvement here, because there will always be 
some new infectious diseases to combat, whether it be flu 
or Ebola,” she concludes. And she already has her hands 
full with hepatitis B!

History

In 1964, physician Baruch Samuel “Barry” Blumberg found a new 
antigen in the blood of Australian aborigines. He named it the Aus-
tralia Antigen. A few years later, the related hepatitis B virus was 
discovered. This virus causes acute and chronic liver infections 
and also plays a major role in the development of liver cancer. A 
hepatitis B vaccine was created in 1982, and it could be called the 
world’s first anti-cancer vaccine. In 1976, Blumberg and Daniel 
Carleton Gajdusek jointly received the Nobel Prize in Physiology 
for their discovery.

Virology

“����I would love to see some 
improvement here, be-
cause there will always  
be some new infectious 
diseases to combat, 
whether it be flu or Ebola.” 

Ulrike Protzer

Electron microscope image of hepatitis B viruses

Claudia Steinert
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Stock market: High-speed 
identification and management of 
prices in high-frequency trading 

Industry 4.0 
for networked factories

Smart city: Smart city traffic management 
using the inhabitants’ mobility data 

Smart grids to 
optimize electricity 
consumption

Human 
behavior forecasting

Early recognition 
of epidemics

Personalized 
medicine

The network structure of the World Wide Web is similar to the connections between the nerve cells and the different areas of the human brain. Ac-
cording to Klaus Mainzer, the modern IT world can be viewed as the next stage in the biological evolution of information. The end result would be a kind 
of superorganism consisting of our planet and its IT networks as the nervous system.
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www.mcts.tum.de/philwiss

Mathematics

“�Algorithms are  
powerful and useful. 
But by themselves 
they are blind.”
Algorithms, until recently strictly the preserve of computer enthusiasts and mathematicians, 
are now pushing their way center stage – quite simply because of the key role they play in the 
supercomputers that are digitalizing our lives. The dawn of the big data world is welcomed 
by some as a golden era, but feared by others as the realization of Orwell’s worst nightmare. 
But what are the economic, social and legal implications of big data? What are the potential 
opportunities and risks? We interviewed philosopher of science Prof. Klaus Mainzer, Chair of 
Philosophy of Science at TUM and Director of the Carl von Linde Academy, about his latest 
book on computing the world, “Die Berechnung der Welt. Von der Weltformel zu Big Data,” 
to find out more.
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The cascade-like spreading of an epidemic disease is represented as a cluster and a complex pattern in a network. Social infection works in a very 
similar way. An innovation catches on because people are influenced by the behavior of their neighbors.

Local active node Other people are 
influenced or infected

Center of activity
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“����We deplete natural 
resources by using 
them – but this is not 
the case with data. 
Data can always be 
reused in different 
contexts, creating 
new ways to make a 
profit.” Klaus Mainzer
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“�Algorithmen sind mächtig und hilfreich. 
Aber alleine sind sie blind.“

Algorithmen – vor nicht allzu langer Zeit eher Thema für Nerds und Ma-
thematiker – sind inzwischen in den Feuilletons angekommen. Hinter-
grund ist die umfassende Digitalisierung mithilfe gigantischer Rechner-
kapazitäten, die Grundlage einer neuen Welt ist: der Big Data-Welt, die 
gerade dabei ist, unser Leben zu revolutionieren. 

Von den einen wird sie als ein Eldorado gefeiert, von den anderen als 
Realisation Orwell’scher Phantasien gefürchtet. Doch welche Perspek-
tiven eröffnen sich tatsächlich damit für die Wirtschaft, das Recht und 
die Gesellschaft? Welche Chancen und Risiken bestehen? Prof. Klaus 
Mainzer, Inhaber des Lehrstuhls für Philosophie und Wissenschaftsthe-
orie an der TUM und Direktor der Carl von Linde-Akademie befasst sich 
in seinem aktuellen Buch "Die Berechnung der Welt – Von der Weltfor-
mel zu Big Data" mit diesen Fragestellungen. Bei allen Vorteilen, die Big 
Data für Wirtschaft, Gesellschaft, aber auch für die Wissenschaften mit 
sich bringt, hält er es für riskant, sich allein auf eine datengetriebene 
Methode zu verlassen. Wer mit Tunnelblick auf Effizienz und schnelle 
Ergebnisse auf die Frage nach Ursache und Wirkung verzichtet, gerät 
auf dünnes Eis. "Wenn wir das nicht begreifen oder vergessen, fliegen 
uns am Ende die Algorithmen um die Ohren." Letztlich geht es nicht 
allein darum, teure Programmierfehler in der automatisierten Produktion 
zu vermeiden, sondern um größere Gefahren. 

Wie er eindrucksvoll zeigt, bringen Big Data-Methoden in der Medizin 
wenig nachhaltigen Nutzen, wenn Kausalzusammenhänge nicht geklärt 
werden. Ähnliches gilt für das "Precriming" und andere Versuche, mithilfe 
der Mustererkennung Kriminalität und Terroranschläge vorherzusehen, 
um präventiv eingreifen zu können. Das weckt nicht nur ungute Assozia-
tionen mit dem Film "Minority Report", sondern bedroht für ihn ganz klar 
unsere Gesellschaft in ihren Grundfesten. "Wenn staatliche Sicherheit in 
totale Überwachung umschlägt, ist die Demokratie verloren."	

Birgit Fenzel

Prof. Mainzer, the subtitle of your new book en-
compasses both “the theory of everything” and “big 
data.” Basically these are two different ways of 
understanding the complex world we live in. How do 
they differ?
Mainzer: The search for a theory of everything is a very old 
idea. The great philosopher Plato was a mathematician who 
was convinced that everything in the world was made up 
of the accepted basic elements of the time: fire, water, air, 
earth and the celestial spheres. He believed that these ele-
ments were identical to the five regular solids of Euclidean 
geometry. These are the perfect symmetries of the Euclidean 
space. So he believed that the world was governed by math-
ematical laws. Even today, cosmologists are seeking to unite 
the known fundamental forces of physics and explain them 
using mathematical symmetry laws. But now, instead of Eu-
clidean geometry, they are applying quantum physics and the 
differential geometry of the theory of relativity. There is one 
common idea behind all of this theory-led research: We need 
a good theory to know what it is we are looking for. Only then 
can we understand the complexity of the world. Big data, on 
the other hand, entails collecting data and writing algorithms 
to process this data. The algorithms recognize patterns, so 
this is a quicker method than the time-consuming search for 
laws. In essence, this is a data-driven science. 

What are algorithms?
Mainzer: Algorithms are clear formal procedures for solving 
problems, just like the math we learned at school and the 
instructions in computer programs. Philosopher and math-
ematician Gottfried Wilhelm von Leibniz – after whom the su-
percomputing center in Garching, Germany, was named and 
who first used the binary numbers 0 and 1 for calculation, i.e., 
our modern bits – actually believed that all problems could 
be solved with algorithms if they were suitably encoded with 
numbers. In the 20th century, logician and mathematician 
Alan Turing defined a universal formal program allowing the 
simulation of all algorithms. Such a “Turing machine” could, 
in principle, simulate the supercomputer in Garching, as well 
as the program on your smartphone. With Turing’s defini-
tion of computability, however, it is also possible to decide 
whether problems can even be solved algorithmically, how 
complex the solutions are and how long they will take. This 
has practical cost-benefit implications, because computing 
time costs money. Turing also considered the philosophical 
question of whether human thinking can be reduced to algo-
rithms and computer programs. Logician Gerhard Gentzen, 
a contemporary of Turing, introduced formalisms that al-
lowed the accuracy of algorithms to be verified. But what are 
the practical implications of all this? Well, take a computer 
program that controls a production process at BMW. The 
company would naturally like to rule out programming er-
rors in advance and so avoid accidents and additional costs.  
What these examples show is that the problems of our 

Mathematics
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modern big data world are rooted in fundamental questions 
of logic, mathematics and philosophy. If we fail to grasp this 
or forget its importance, then ultimately, algorithms could 
wreak havoc. This is what my book is all about, and this is 
what has interested me ever since my student days.

Algorithms are really nothing more than procedures 
or rules for solving mathematical problems – so 
nothing to get excited about. Yet now they are being 
spoken of in revolutionary terms. What is so special 
about big data algorithms? 
Mainzer: Simply put: the sheer volume of data. The Internet 
and the World Wide Web heralded the first digital revolution: 
now people can communicate with each other anywhere 
in the world with small-scale technology like cellphones, 
smartphones and apps. The first digital revolution was the 
Internet of people – where people communicate with each 
other. A computer is no longer a mere computation device. 
While it continues to process its bits, its real function is as a 
means of communication. Right now we are embarking on 
the second digital revolution – the Internet of Things. This will 
go beyond the interpersonal level to encompass communi-
cation between “things.” Modern technology in the form of 
sensors, RFID chips and software interfaces will allow vari-
ous objects to communicate with each other, independently 
of human interaction. 

That sounds like science fiction...
Mainzer: But we have been living with the Internet of Things 

for some time already. We experience the Internet of Things 
through the enormous volume of data and signals produced. 
To take one example: Google processes 24 petabytes of data 
per day – that’s 6,000 times more than the content of the 
American Library of Congress. Just one company processing 
the entire memory of a nation in a single day. Special algo-
rithms are needed to handle such huge quantities of data. 
They break down the massive volume into subpackages, 
process these in parallel and search for data correlations and 
patterns at lightning speed. So in order to find the needle, 
you need to go through a giant haystack with a fine-toothed 
comb.

In your book, you refer to the masses of data as the 
“crude of the future.” But in some ways, the hype 
around big data also recalls the gold rush of the 
19th century. But instead of panning for gold in the 
rivers of the Yukon, the fortune-hunters of the big-
data age are now mining for data with algorithms. 
How do you explain the hype in the business world?
Mainzer: Mining big data and finding correlations can help 
to predict customer and product profiles with much greater 
efficiency than ever before. But the gold rush or oil metaphor 
fits only to some extent.

Mathematics
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It certainly explains the upbeat mood in the business 
world – so where does it not sit comfortably?
Mainzer: We deplete natural resources by using them – but 
this is not the case with data. Data can always be reused in 
different contexts, creating new ways to make a profit. We 
will see new business models and value chains emerging. 
Data owners will earn money by licensing rights of use to 
their data, as will knowledge workers with skills in mass data 
management and entrepreneurs with new big data business 
ideas. The value chain will thus be completely transformed 
by big data.

How will this affect markets and consumers?
Mainzer: The impact will be huge. We are setting our sights 
on Industry 4.0, that is, the Internet of Things in the world 
of industry. Conventional mass production will be replaced 
by a new system of manufacture “on demand.” Tailor-made 
instead of off-the-shelf. The ultimate vision of Industry 4.0 is 
made-to-measure suits as standard. In the automobile in-
dustry, many manufacturers are already operating on an on-
demand basis, with their suppliers abandoning stockpiling. 
Another example of where the Internet of Things has been 
embraced is container ports, where many operations have 
been automated using robotic vehicles that engage with 

each other. This world is coming into being at an exponen-
tially fast rate, but hardly anyone is aware of it. Some people 
are talking about exponential technology and exponential 
companies that are created with information technology. 

The idea of a customer getting exactly what they 
want sounds great – what’s the catch?
Mainzer: Well, there is a price to pay. An automated process 
requires trillions of sensors, and in some cases drones and 
cameras. Tons of data have to be collected, because the 
machines have to organize themselves. They interact with 
each other. This also means that the people who are inte-
grated in this process are subjected to intensive scrutiny 
throughout the entire day. The controller computers know 
them better than they know themselves. And this is apart 
from the fact that the customer’s data is also collected. In 
the end, you will have transparent employees and transpar-
ent customers. In this respect, this way of producing data 
presents a huge social challenge.

Your book also deals with the introduction of big data 
to science. You use medicine as an interesting exam-
ple of how these new technologies can benefit the 
scientific community. What is the state of play here?
Mainzer: Big data will have a massive impact on medical sci-
ence. Consider that 400,000 papers have already been writ-
ten on diabetes alone. No one could read all of these in their 
lifetime. Even while they are reading, the knowledge is grow-
ing at an exponential rate. That is why we need intelligent 
software to filter the information and find the most suitable 
treatment for the patient. 

But you also use medicine to illustrate the potential 
pitfalls. Where does the problem lie?
Mainzer: If I rely solely on finding efficient data correlations 
through data mining, then I have not necessarily understood 
the causes of the disease. Even Steve Jobs, once the 
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icon of effective and smart computing, died of cancer, de-
spite using his fortune to exploit all the computing capac-
ity and big data analysis available at the time. Jobs had his 
cancer cells sequenced at frequent intervals because of the 
constant mutation of the tumors. His physicians could then 
continuously adjust his treatment. Ultimately, though, as long 
as we remain in the dark about the causes of cancer and the 
mechanism of cancer cells, the analysis of data on a massive 
scale and the calculation of correlations will be of limited use.

Your book is intended as an argument against the 
promises of big data and for the continued relevance 
of basic research and philosophical reflection. But 
given the growing complexity of data, isn’t the 
search for explanations, causes, theories and laws 
completely outdated?
Mainzer: It is true that some of the biggest proponents of big 
data, like Chris Anderson, are talking about the “end of the-
ory.” Back in 2002, American computer scientist and soft-
ware entrepreneur Stephen Wolfram proclaimed a “new kind 
of science,” in which computer experiments would replace 
mathematical proofs and theories. Wolfram had simulated 
extensive pattern formations of cellular automata on high-
performance computers, discovered some remarkable cor-
relations, and classified the patterns based on his observa-
tions. Together with my UC Berkeley colleague Leon Chua, 
I wrote a book refuting this theory entitled “The Universe as 
Automaton,” in which we proved that it is only the funda-

mental mathematical laws of cellular automata that allow 
accurate forecasting and classification of patterns. In our 
follow-up book “Local Activity Principle,” we expanded this 
argument to examine the emergence of patterns in nature, 
taking in physics, chemistry, biology and brain research. 
Here too, we found that it was only when the basic equa-
tions were known that accurate declarations and forecasts 
could be made on the emergence of structure and patterns.
What we can generally say about science is that theory is 
often the best way to solve a problem. How will a moun-
tain of data help me if I don’t know what I am looking for? 
At CERN, for example, a huge amount of data is produced 
during proton collisions, but only a fraction can be analyzed 
by the computers now in existence. I have to know what I 
am looking for. The best example of this is theoretical physi-
cist Peter Higgs, who predicted the particle named after him 
on the basis of his mathematical model in the framework of 
quantum field theory. Once experiments had confirmed his 
model, he was duly awarded the Nobel Prize last year. The 
Higgs boson is key to explaining how the universe began. 
But it took Higgs’ model to know exactly where to look in the 
enormous number of events and volumes of data.

Seen in that light, is big data no more than shadow 
puppetry, like in Plato’s cave? 
Mainzer: Yes, of course. That is the data landscape of big 
data. Plato asked what was actually behind the shadows. 
His answer was the ideas of truth, goodness and beauty. 

Mathematics
Klaus Mainzer

Munich Center for Technology in Society Technische Universität München

Integration komplexer Datenmengen

Big Data bezeichnet
Datensets, deren Größe und 
Komplexität (Petabyte
Bereich) durch klassische 
Datenbanken und
Algorithmen zum Erfassen, 
Verwalten und Verarbeiten 
von Daten zu überschaubaren 
Kosten und Zeiten nicht 
möglich ist. Dabei sind drei
Trends zu integrieren:

KB      MB      GB              TB                         PB

Data set

Analyzed relation

Unprocessed 
data

Data volume

Personal data
Photos, 
videos, 
documents

Web data
Websites, 
accounts, 
shared content

“Big data”
Interactions,
trends,
measured data

The growing diversity and complexity of Web services is leading to a petabyte-scale data explosion. The term “big data” describes the rapidly grow-
ing volume of data on the one hand, but also the systems used to analyze this data.
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because it has been confirmed in 
countless surveys, but because it 
ensues from the axioms of Euclid-
ean geometry. Logically consistent.” 

Klaus Mainzer
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An inscription was said to hang above the entrance to the 
Platonic Academy: “Let no one ignorant of geometry enter 
here.” Geometry stood for mathematics in those days. Why? 
Because Plato believed that, before reflecting on the eternal 
ideas of truth, goodness and beauty, he must first learn truths 
that do not rely on observation or changes in perception. 
And in his view, that is the world of mathematics. Pythago-
ras’ theorem is correct not because it has been confirmed in 
countless surveys, but because it ensues from the axioms of 
Euclidean geometry. Logically consistent. For Plato, that was 
the first step into the world of unchangeable ideas. But one 
does not have to be a die-hard Platonist to understand his 
basic idea: that behind observed data lie structures and laws 
that must be recognized to understand certain facts. Finding 
patterns in data using algorithms is useful, but algorithms 
are blind without theory and laws. On the other hand, it must 
also be stressed that mathematical theories in the natural 
and social sciences remain empty without empirical data.

One of the chapters in your book deals with big data 
in the humanities and cultural studies. In the digital 
humanities, new automation methods are already in 
use. For example, metadata from old manuscripts is 
being algorithmically created to draw conclusions on 
the source, production conditions and context. This 
sounds like a very efficient and helpful approach at 
first, but is there a risk that it will take the “human” 
out of the humanities, as critics fear? 
Mainzer: Here too, the critics have a point. Supercomput-
ers cannot replace the appraisal and interpretation of a lit-
erary scholar. But software programs that automatically 
write standardized texts are already out there. I could easily 
foresee the same happening for scientific and engineering 
papers. They would follow certain standards. The software 
would write the article in the standard English of the par-
ticular discipline, and the human authors would add their 
findings. The citations would be perfectly executed. There 
would be no room for plagiarism, either, because the soft-
ware could automatically trawl the Internet to see whether 
the findings existed elsewhere. There are already writing 
programs available that adapt themselves to the style of the 
author. We’ll just have to wait and see if they’re capable of 
producing Faust, Part 3.

As you have noted, it is practically impossible to 
predict social behavior, because there are no known 
equations of motion and evolution for individuals. But 
early indications from big data show that such pre-
dictions are indeed possible thanks to data analysis 
on a massive scale and the calculation of correla-
tions. Why is that a double-edged sword?
Mainzer: With big data algorithms, we can predict not only 
product profiles, but also criminal profiles. In “pre-criming,” 
profiles of criminals are created to prevent them from offend-
ing – along the lines of the film “Minority Report.” But where 
big data differs from the movie is that you don’t need to read 
minds – you just need the metadata, such as where and 
when an e-mail was sent, the names of the sender and recipi-
ent in conjunction with the criminal profiles, and other data. 
 
The ethical and legal challenge is to protect demo-
cratic rights in the age of big data and digitalization. 
This was made very apparent through the recent 
controversy surrounding the NSA. 
Mainzer: That episode provided further proof that whoever 
has the biggest search engines, the most storage capacity 
and the best algorithms rules the world. After the fall of the 
Iron Curtain, some people got the impression that the US 
was on the retreat – militarily, economically and politically. But 
the Snowden revelations showed us that they had reckoned 
without the NSA and the power of American IT. 

One consequence of this is the parallel development 
of data protection and security technology. It begs 
the question: Can we safeguard and strengthen 
personal rights and rights of self-determination on 
the Internet without compromising freedom through 
over-regulation?
Mainzer: Europe is not just the birthplace of industry, tech-
nology, research and science. Europe is also where the con-
cepts of state under the rule of law and democracy were 
born. These philosophical ideas originated in ancient Greece, 
as well as in England, France, Germany and Switzerland – 
the birthplaces of Kant, Locke, Montesquieu and Rousseau, 
among others. If we can develop an information technology 
package that incorporates our rule-of-law and democratic 
standards, and that is on a par with the Americans’, then we 
could provide an example to the world along the same lines 
as we are currently endeavoring with our energy transition 
policy. It would be great if Germany could accomplish this in a 
good-hearted, respectworthy way, just like the national team 
at the World Cup. Also acting in partnership with the US, and 
not in opposition. Important negotiations on the trade agree-
ment between the US and Europe are forthcoming. We must 
fight for our legal standards just as strongly as for our food 
standards, while at the same time demonstrating that we, 
too, are masters of technology and science. That would be 
my dream scenario at any rate.
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“����Theory is often the best way 
to solve a problem. How  
will a mountain of data help 
me if I don’t know what I am 
looking for?” 

Klaus Mainzer
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In order for humans and machines to communicate, brain waves of 
the pilots are measured using electroencephalography (EEG) electrodes 
connected to a cap.
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The pilot is wearing a white cap with myriad attached ca-
bles. His gaze is concentrated on the runway ahead of him. 
All of a sudden, the control stick starts to move, as if by 
magic. The airplane banks and then approaches straight on 
toward the runway. The position of the plane is corrected 
time and again until the landing gear gently touches down. 
During the entire maneuver the pilot touches neither pedals 
nor controls.
This is not a scene from a science-fiction movie, but rather 
the rendition of a test at the TUM Institute for Flight System 
Dynamics. Scientists working for Prof. Florian Holzapfel are 
researching ways in which brain controlled flight might 
work in the EU-funded project “Brainflight.”
“A long-term vision of the project is to make flying acces-
sible to more people,” explains aerospace engineer Tim 
Fricke, who heads the project at TUM. “With brain control, 
flying, in itself, could become easier. This would reduce the 
work load of pilots and thus increase safety. In addition, 
pilots would have more freedom of movement to manage 
other manual tasks in the cockpit.” 

Surprising accuracy
The scientists have logged their first breakthrough: They suc-
ceeded in demonstrating that brain-controlled flight is indeed 
possible – with amazing precision. Seven subjects took part 
in the flight simulator tests. They had varying levels of flight 
experience, including one person without any practical cock-
pit experience whatsoever. The accuracy with which the test 

subjects stayed on course by merely thinking commands 
would have sufficed, in part, to fulfill the requirements of a 
flying license test. “One of the subjects was able to follow 
eight out of ten target headings with a deviation of only 10 de-
grees,” reports Fricke. Several of the subjects also managed 
the landing approach under poor visibility. One test pilot even 
landed within only a few meters of the centerline.
The TUM scientists are now focusing in particular on the 
question of how the requirements for the control system 
and flight dynamics need to be altered to accommodate 
the new control method. Normally, pilots feel resistance in 
steering and must exert significant force when the loads 
induced on the aircraft become too large. This feedback is 
missing when using brain control. The researchers are thus 
looking for alternative methods of feedback to signal when 
the plane’s capabilities are pushed too hard, for example. 
Electrical potentials are converted into control commands.
In order for humans and machines to communicate, brain 
waves of the pilots are measured using electroencephalo
graphy (EEG) electrodes connected to a cap. An algorithm 
developed by scientists from Team PhyPA (Physiological 
Parameters for Adaptation) at TU Berlin allows the program 
to decipher electrical potentials and convert them into use-
ful control commands.
Only the very clearly defined electrical brain impulses re-
quired for control are recognized by the brain-computer 
interface. “This is pure signal processing,” emphasizes 
Fricke. Mind reading is not possible.

Link

www.fsd.mw.tum.de

Pilots of the future could be able to control their aircraft by merely thinking commands. Scientists at TUM and  
TU Berlin have demonstrated the feasibility of flying via brain control – with astonishing accuracy.

Using Thoughts 
to Control Airplanes

Stefanie Reiffert (TUM)
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New Views 
of Earth in the 
“Light” of Gravity 
The completion of ESA’s GOCE satellite mission is not so much an 
ending as a milestone in the ongoing exploration of Earth – as re-
vealed by gravity. By providing the most accurate measurements 
and models yet of Earth’s gravitational field, GOCE is enabling 
researchers to sharpen the picture of our dynamic planet, from 
mantle convection to melting glaciers. TUM Prof. Roland Pail co-
ordinates the international GOCE Gravity Consortium.
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Gravitationsmessungen zeigen ein neues Bild der Erde

Im November 2013 verglühte der Satellit GOCE (Gravity Field and 
Steady-State Ocean Circulation Explorer) bei seinem Wiedereintritt in 
die Atmosphäre. Die Satelliten-Mission der Europäischen Weltraumbe-
hörde ESA hatte die Vermessung des Schwerefelds der Erde zum Ziel. 
Die im Juli 2014 vollständig veröffentlichten GOCE-Daten werden die 
beteiligten Forscher – mit dabei ein Team der TUM – über Jahre hin 
beschäftigen. Die vorliegenden Daten zeigen das Schwerefeld der Erde 
in nie dagewesenem Detail. Winzige Variationen in den Konturen des 
Felds entsprechen der ungleichen Massenverteilung, ob in der Krus
te oder im Mantel, in den Ozeanen oder im Eis. Die Schwerkraftmes-
sungen ermöglichen eine neue Sicht auf unseren Planeten – zusätzlich 
zu den bereits bekannten Beobachtungen, die auf Licht, Magnetismus 
oder seismischen Wellen basieren.
Prof. Roland Pail vom TUM Institut für Astronomische und Physika-
lische Geodäsie (IAPG) koordiniert das internationale GOCE Gravity 
Consortium. Das IAPG entwickelte das Schwerefeldmodell der Erde 
sowie die dazugehörigen, auf die Anforderungen unterschiedlicher 
Nutzergruppen zugeschnittenen Datenprodukte. 
Die ersten Ergebnisse lassen auf neue Erkenntnisse in verschiedensten 
Bereichen hoffen – von Geophysik und Geologie bis hin zu Ozeano-
graphie und Klimaforschung. GOCE-Datenprodukte werden genutzt, 
um Meeresströmungen, den Anstieg des Meeresspiegels sowie das 
Abschmelzen von Eisfeldern zu kartieren und zu beobachten. Die Mes-
sungen decken auch verborgene geologische Muster auf. Sie können 
künftig für die Erschließung natürlicher Ressourcen und zur Bewertung 
von Risiken von Interesse sein. Geophysiker erkennen aus den Satel-
liten-Schwerefeldmessungen Dichteunterschiede tief im Erdinneren 
und gewinnen daraus neue Erkenntnisse über die dynamischen Pro-
zesse, die unsere Kontinente formen und für Erdbeben, Tsunamis oder 
Vulkanausbrüche verantwortlich sind. Mittlerweile nutzen Forscher aus 
dem Bauwesen das GOCE-Geoid, um ihr Projekt zur Vereinheitlichung 
nationaler Höhensysteme voranzubringen, denn die aus den Schwere-
feldmessungen berechneten Höhen der Erdoberfläche bieten erstmals 
eine global einheitliche Bezugsgröße. 	 Patrick Regan (TUM)

Link

www.iapg.bgu.tum.de

An artist’s impression of GOCE in orbit: One key application of data 
from the GOCE satellite mission is to monitor signs of global warming in 
changing sea level, ocean circulation and ice cover.
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I n November 2013, a satellite that had been flirting 
for years with Earth’s gravity at the very edge of the 

atmosphere took its final, fiery plunge. The only known 
record of its last moments is a snapshot taken from the 
deck of a ship, by a passenger on a penguin-watching 
cruise. Any parts of the spacecraft that didn’t burn up 
on re-entry splashed unseen and unheard into the South 
Atlantic. 
The scientific impact, however, was evident long before 
the satellite known as GOCE fell from the sky. A series 
of four data releases had already begun enabling new 
views of our planet’s deep interior and vast inaccessible 
areas of continental crust, as well as ocean currents and 
ice sheets. One result, the most accurate representation 
yet of the geoid – a gravity-derived figure of Earth’s sur-
face that serves as a global reference for sea level – is 
helping to advance the project of unifying height systems 
worldwide. While media headlines heralded the geoid’s 
resemblance to a potato, researchers in a diverse range 
of fields celebrated the bonanza of new data.
A mission of the European Space Agency (ESA), the Grav-
ity Field and Steady-State Ocean Circulation Explorer 
(GOCE) set out to measure Earth’s gravitational field 

Earth in the “light” of gravity: These four views show the height of the geoid — which corresponds to the mean ocean surface at rest — above or 
below a reference model for Earth’s shape that is based not on gravity, but on the planet’s rotation. Deviations above (red) or below (blue) the reference 
surface are caused by mass anomalies in Earth’s mantle.

Geodesy

It is extremely rare to capture any record of a satellite’s re-entry. This 
is the only known photo of the GOCE satellite burning up in the atmos-
phere, taken by a tourist on a cruise in the Falkland Islands.
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in unprecedented detail. Tiny variations in contours of the 
field correspond to uneven distributions of mass, wheth-
er in the crust or the mantle, ocean or ice. Thus, gravity 
offers a way to observe our planet that is complementary 
to approaches relying on light, magnetism, or seismic 
waves. Precise measurement and high-resolution mod-
eling of the gravity field can yield insights into processes 
ranging from plate tectonics to climate change, and into 
hidden features that could guide resource exploration.

Mission complete – the work goes on
Every element of satellite and mission design, from 
GOCE’s innovative gravitational gradiometers to its sleek 
aerodynamics and low orbit altitude, pushed the bounda-
ries of engineering and operations. And it all worked be-
yond expectations. Launched in March 2009, the satel-

lite orbited Earth 27,000 times during 1700 days in orbit, 
roughly three times longer than its nominal mission pe-
riod, and was fully operational for 42 months. With the 
original mission goals being largely achieved after the 
first three years, a decision was made to further lower 
the orbit altitude from 255 to 225 kilometers. Flying 30 
kilometers closer to the Earth would yield even more sen-
sitive measurements, revealing detailed structures of the 
gravity field.
As coordinator of the international GOCE Gravity Con-
sortium, the TUM Institute of Astronomical and Physical 
Geodesy (IAPG) has been responsible for developing the 
gravity model, as well as associated data products tai-
lored to the needs of various user groups. The model, 
composed of more than 75,000 parameters describing 
the global gravity field with a spatial resolution of rough-

Prof. Roland Pail succeeded Prof. Reiner Rummel, a founding father of ESA’s GOCE mission, as Director of the TUM Institute for Astronomical and 
Physical Geodesy and coordinator of the GOCE Gravity Consortium. He also serves as Dean of Civil, Geo and Environmental Engineering. P
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New light on geology and paleogeography: This figure highlights newly revealed features of the former supercontinent Gondwana (black lines), which 
began to break up around 184 million years ago. With the new high-resolution gravity data, reflecting mass anomalies in Earth’s interior, researchers can 
directly measure continental structures and identify geological lines in greater detail than ever before. Symmetrical “gravity highs” due to magmatism 
can be clearly seen across the plate margins where the Atlantic Ocean (A) and the Red Sea (B) formed. The lack of symmetry in the margin between 
Brazil and West Africa (C) may contribute to solving open geological questions. Such insights can also be used to guide resource exploration.

Geodesy

ly 70 kilometers, was computed from hundreds of mil-
lions of observations. This exercise in high-performance 
computing applied sophisticated processing algorithms 
to the rigorous solution of a very large equation system. 
Each time more data could be incorporated, the model 
improved. 
The satellite’s re-entry yielded an unexpected bonus. 
Much of the way down, the global positioning system 
(GPS) receiver continued reporting the satellite’s position 
to an accuracy of two to three centimeters. Several of 
the main instruments kept on taking measurements even 
longer, failing only after the temperature on board rose 
above 90 degrees C. The final phase, from the time the 
satellite fell below 130 kilometers to the time it started 
burning, lasted roughly 90 minutes, or one full orbit. Now 

the record of GOCE’s last day is being pored over by a 
separate community of scientists interested in atmos-
pheric sciences, aerospace engineering and even space 
debris.
The fifth and final version of the GOCE gravity model – 
based on 800 million measurements and associated data 
from the entire mission period – was released to the sci-
entific community in July 2014. “Once the final model and 
data products were placed on the public server, the GOCE 
mission could be considered complete, but this is by no 
means the end of satellite gravimetry,” says Roland Pail, 
director of the IAPG. “At the same time users are applying 
the final GOCE data release to questions in geophysics, 
geology, oceanography, climate studies and civil engi-
neering, follow-on satellite missions are in the works.” P
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Results to date promise discoveries to come
Some of the earliest results based on GOCE data con-
firmed scientists’ suspicions that previous models were 
marred by large inaccuracies. In regions such as the Him-
alayas, the Andes, and parts of Africa, for example, it had 
been difficult if not impossible to obtain gravity measure-
ments by conventional means. Already by 2010, research-
ers were able to show that the GOCE satellite could pro-
vide adequate coverage and accuracy to correctly model 
continental areas where data had been lacking. 
Similarly, by 2011, the world’s oceans were coming into 
sharper focus. Scientists could now map ocean currents 
via gravitational variations in masses of water. For the first 
time, ocean circulation could be observed globally, from 
space. This is considered crucial for understanding heat 
transport and the dynamics of Earth’s changing climate. 
Today, large-scale features including the Gulf Stream and 
the Antarctic Circumpolar Current can be clearly seen in 
gravity-derived maps; furthermore, even the current ve-
locities can be determined. Also, with the GOCE geoid as 
a consistent reference, sea level rise due to global warm-
ing – caused both by thermal expansion and by melting of 
ice in the polar regions – can be more accurately meas-
ured and monitored. 

More recent studies also show tremendous promise for 
expanding our knowledge of continental geology and 
deepening our understanding of the processes at work 
far below the surface. Researchers have found that 
GOCE data can be used to trace otherwise elusive bor-
ders between welded-together fragments of continental 
crust. Such areas are of interest for two reasons: they 
tend to be rich in mineral resources, and they can be the 
locus for earthquakes and other hazards. Previously, the 
patchy coverage and low resolution of gravity measure-
ments made this impossible. With GOCE data, scientists 
can now, for example, clearly identify seemingly uncon-
nected geologic units in Africa as being associated not 
only with each other, but also with formations in South 
America – recalling the time when the now separate con-
tinents were one. In time, this capability will provide new 
tools for both resource exploration and risk assessment. 
Satellite gravity measurements are also being used to 
map density variations in Earth’s deep interior, which stem 
from variations in temperature and chemical composi-
tion. Scientists are developing three-dimensional images 
of mass distribution in the mantle. These static snap-
shots can in turn reveal more about dynamic processes, 
including the convection that drives plate tectonics 

Geodesy
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The uneven distribution of mass in the Earth (represented here by a 
mass anomaly shown in gray) causes satellite orbits to be irregular. The 
GOCE satellite used GPS to track its own orbit precisely, and devia-
tions from an ideal orbit revealed variations in Earth’s gravitational field. 
The satellite’s gravitational gradiometry system provided even more 
sensitive measurements of subtle contours in the field. At the heart of 
the system were six test masses (shown as gray cubes) mounted in 
pairs on perpendicular axes. 

Since the gravitational field varies from point to point in space, it 
would exert a different force on each of the test masses, moving them 
slightly in different directions. Sensors recorded the acceleration of each 
test mass, allowing changes in force along each of the three axes to 
be measured. These gradiometric measurements provided the basis for 
computing the field.
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Satellite assembly and testing: Pre-launch 
preparations were carried out at ESA’s Euro-
pean Space Research and Technology Centre 
(ESTEC) in Noordwijk, the Netherlands.P
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Geodesy

and intrudes into human life in the form of earthquakes, 
tsunamis and volcanic eruptions. Researchers have now 
identified large-scale gravity variations that follow former 
tectonic plate boundaries on both sides of the Pacific 
Ocean, as well as signals thought to correspond to so-
called mantle plumes more than 2000 kilometers below 
the crust. Such findings suggest that deep views based 
on satellite gravimetry can be combined with independ-
ent insights from global seismic tomography, mantle flow 
models and reconstructions of tectonic plate history to 
address many unanswered questions. 
A new initiative, under the auspices of the TUM Institute 
for Advanced Study (TUM-IAS), aims to further refine the 
GOCE gravity maps. As a TUM-IAS Fellow hosted by Pail, 
Dr. Christian Hirt of Curtin University in Australia is work-
ing toward a hundred-fold improvement in resolution, 
with implications for applications from climate studies to 
surveying. Hirt is creating a composite model incorporat-
ing the latest satellite and terrestrial gravity data, high-
resolution topography, and mass-density models. Where 

data permits, he expects to achieve 100-meter spatial 
resolution, bringing out details on the scale of mountains 
and valleys. This is the first-ever effort to create local-
resolution gravity maps with global coverage.

Prospects for future gravity missions
The trajectory of a space mission doesn’t begin on the 
launching pad, but with the earliest formation of the con-
stellation of ideas that will define and motivate it. In the 
case of the new approach embodied in GOCE, that goes 
back at least as far as the 1970s, when Pail’s predeces-
sor, TUM Emeritus Prof. Reiner Rummel, was a post-
doctoral researcher at Ohio State University. “Already at 
that time this idea floated around in NASA documents,” 
Rummel recalls, “and it stayed with me.” It is not uncom-
mon for a satellite or probe to take decades to get off the 
ground. By the 1980s, technology had advanced to the 
point where GOCE started looking practical; the first pro-
posals encountered fierce competition before the project 
was approved by the European Space Agency in 1999. 
“And then,” Rummel notes, “it took another ten years to 
build, because it is a very complicated satellite.”
During this past decade, GOCE was not alone, but ac-
companied by two complementary gravity missions: the 
German project CHAMP (Challenging Minisatellite Pay-
load) and the German-American collaboration GRACE 
(Gravity Recovery and Climate Experiment). To build on 
their successes, scientists worldwide are preparing for 
future missions, and TUM researchers are on board. Their 
main focus is on a prospective joint ESA-NASA mission 
in the time frame of 2025 to 2030, although they also are 
taking a close interest in the follow-on GRACE mission 
set to launch in 2017. 
“From the users’ point of view,” Pail explains, “the most 
important thing is that we provide for continuity and ex-
tension of the observations and time series. They give 
this a higher priority than better accuracy.” The upcom-
ing GRACE follow-on mission addresses this concern, 
but it also incorporates modifications based on lessons 
learned during the first. In addition, it will carry an ex-
perimental instrument to test a new approach to ranging, 
with the potential for a fifty-fold improvement in accuracy. 
If the experiment proves successful, such instruments 
would likely be incorporated into new proposals.
Current ideas for the future ESA-NASA mission include 
technically ambitious requirements such as coordinating 
a constellation of satellites – not one pair, as in GRACE, 
but two pairs. In general, teams developing proposals 
are keeping the process open and the details more or 
less confidential, because competition will be tough: out 
of perhaps 30 to 40 proposals submitted, only one will 
be selected. Many members of the GOCE collaboration 
have already joined the race, forming a new team to ham-
mer out a winning proposal. Patrick Regan (TUM)
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This improved view of the Gulf Stream from space, based on the final 
release of the GOCE gravity model, charts current velocities in meters 
per second.
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The ability to unlock the opportunities of digitalization 
calls for new technologies and, above all, skilled pro-
fessionals. To train them at the forefront of scientific 
progress is the task of a leading university. 

The digital world is global, incredibly fast, irreversible, and full 
to bursting with opportunities. In the wake of steam engines, 
mass production and the first industrial robots, we are now 
approaching the fourth industrial revolution – manufacturing 
within an Internet of Things, often referred to as Industry 4.0, 
or the Industrial Internet. This new age sees robots commu-
nicating with one another, workpieces communicating with 
assembly lines, and assembly lines with logistics, while com-
pany data is accessible from anywhere via the cloud. The 
miniaturization of computing components and the growing 
affordability of storage, coupled with increasingly powerful 
data networks, are enabling more and more social, econo-
mic and industrial activities to be digitalized. 
However, technical change is always a double-edged sword, 
presenting us with both risk and opportunity. We can already 
guess the risks: surveillance, data theft, the ability to log our 
every action and interest. Here we will need to define and 
implement new ethical guidelines, rules, standards and me-
chanisms to protect us from both intelligence services and 
other players.

Point of View

The opportunities, on the other hand, are large: In my view, 
digitalization is also about empowering all people and com-
panies to shape a common future, both socially and eco-
nomically. Digitalization allows faster, easier, direct access 
to target markets worldwide – it is international by nature. 
It enables new and creative combinations of human talents, 
well beyond regular job activities. The older generation, 
people who have withdrawn from working life, can actively 
participate as long as they have access to fast data high-
ways. And the decisive factor for success will no longer be 
the location of a factory – for instance in an urban area – but 
access to high-speed Internet and the availability of specia-
lized staff to develop and implement new software innova-
tions and business models with partners all over the world. 
Alongside new technologies and algorithms, the economy 
particularly needs well versed professionals tapping the po-
tential of digitalization. And their training takes place at the 
universities. So to invest in our universities is to invest in the 
future of our economy. A good example of a strong alliance 
between higher education and business is the German state 
of Bavaria’s new digitalization center (Zentrum Digitalisierung 
Bayern), in which TUM plays a leading role. The role of this 
alliance is to bundle, coordinate and advance all of Bavaria’s 
digital activities in the fields of higher education, research, 
innovation and technology, and IT security. For the first time, 
a comprehensive and coherent competence network will be 
established in our state, which will also enhance the effec-
tiveness of regional strengths. 
Digitalization does not just have economic ramifications; it 
also requires us to keep ethical considerations in mind. The 
rapid and far-reaching developments in our society call for 
urgent action. TUM stepped up to its ethical responsibilities 
by establishing a dedicated interdisciplinary research facility: 
the Munich Center for Technology in Society (MCTS). Not 
only does digitalization have implications for data protection 
and personal rights, it also could rapidly escalate into a so-
cial issue if whole regions are excluded from the exponential 
growth in data traffic. That is why, irrespective of the costs, 
high-speed, nationwide data networks are an essential infra
structure measure – in Germany as elsewhere. As a repre-
sentative of the scientific community in the “Network Alliance 
Digital Germany” initiated by the Federal Ministry of Trans-
port and Digital Infrastructure, I am also mindful of our duty 
to address the societal challenges posed by digitalization. P
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Prof. Dr. Dr. h.c. mult. Wolfgang A. Herrmann

After studying chemistry at TUM, Wolfgang Herrmann complet-
ed his PhD in chemistry (1973) and his lecturer qualification 
(1978) at the University of Regensburg. He did further research 
at Pennsylvania State University, USA. In 1982, he took up a pro-
fessorship at Johann Wolfgang Goethe-Universität in Frankfurt 
am Main. He returned to TUM in 1985, and has served as its 
President since 1995.

Digitalization as a Means
of Economic and 
Social Empowerment
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