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Preface

Over twenty years ago, the slogan “Mathematics: Key 

technology of the future” became the vision and driv-

ing force for applied mathematicians working on real 

life industrial applications. Since then, mathematics 

has proved to deliver groundbreaking contributions for 

a wide range of applications; however, this is still only 

the tip of the iceberg. The huge technological potential 

of mathematics for problem-solving and algorithmic 

development is still just beginning to show its ability to 

produce industrial innovation. This book is a collection 

of success stories of industrial mathematics with the 

goal of giving inspiration to industrial and academic 

research units as well as decision-makers in industry 

and politics.

The contributions in this book demonstrate the power 

of mathematics as a technology. We show that math-

ematics can decisively contribute to the solutions of 

present and future economic, environmental, and soci-

etal changes. In selecting which stories to feature, we 

used the following criteria:

 + The industrial problems needed to be both relevant 

for the core business of the industrial partners and 

also ones which couldn’t be solved using standard 

methods.

 +

-

ners, including existing models, experimental data 

and evaluation criteria.

 + The use of novel mathematics was essential in sol-

ving the problem – for analyzing models, designing 

-

ting solutions beyond the present state of the art.

The selected contributions span different industrial 

sectors and methodologies but all involve two unique, 

underlying factors of mathematics. First of all, math-

and precision. The concept of a mathematical proof is 

the basis for a reliable analysis of algorithms, for the 

correctness of physical-engineering models or for the 

analysis. As a result, algorithms based on novel math-

ematical theory have shown a development similar to 

that of Moore’s Law. And in all cases, such math-based 

algorithmic improvements outperform machine im-

Second, mathematics is a discipline of abstraction with 

the power to reduce any physical or engineering model 

to its essential core. This allows for an analysis of a 

model’s properties in theoretical terms and a transla-

tion of the results back into their physical-engineer-

ing context. The analysis of a single abstract model 

typically covers the essential features of a variety 

of applications; hence, the path back from one new 

mathematical insight to applications is useful for addi-

tional physical/engineering models. As a consequence, 

highly diverse and transdisciplinary in its applications.

In particular, those two factors play a decisive role 

-

cepts or general machine learning algorithms for data 

analysis. These approaches can be seen as implicit 

model adaptations allowing for modelling, simulation 

and optimization of highly non-linear, high-dimension-

al problems. Mathematics is the basis for merging the 

best of both worlds, i.e. for integrating model-based 

-

ta-driven concepts. Moreover, it allows for determining 

the potential as well as the limitations of AI algorithms 

and it leads to novel network architectures. Mathemat-

ics is indispensable for obtaining optimal simulation 

results. 

Before proceeding with the main content of this book, 

we want to acknowledge and emphasize that most of 

partially from the unique funding program ‘Mathemat-

ics for Innovations’ of the German Federal Ministry of 

has existed for more than 25 years, and has created 

powerful collaborations between industry and math-

ematical research. It has allowed us to train sever-

al generations of industrial mathematicians and most 

importantly, it has led to substantial and sustainable 

industrial innovations.



IX

Mathematics makes the impossible possible

Digitalization is the megatrend of the 21st century. Due 

to the exponential growth of computing power (Moore’s 

now penetrating all areas of life and all industries. At 

the core of digitalization are algorithms and especial-

ly mathematical algorithms. In the last decades, their 

performance has also increased exponentially, in many 

cases even outpacing the growth in computing power. 

Without mathematics this incredible increase in perfor-

mance would not have been possible. 

Many industrial products, systems, and infrastruc-

tures – from electric motors to computer tomographs 

Life without algorithms is hard to imagine. Today, they 

enable us to predict and test the properties and per-

formance of products using virtual models long before 

they are built. For example, this allows early optimi-

zation of products and systems to realize continuous-

compatible products. Without appropriate simulation 

methods, the speed of today’s innovation cycles could 

not be realized. Many technologies would not have 

been mastered. At the same time, corresponding vir-

tual models can also be used during operation, e.g. to 

enables highly complex models to be run parallel to 

operation by means of sophisticated pre-calculations. 

Combined with continuous streams of sensor data and 

machine learning allows to optimize operation and ser-

vice to a level not seen before.

The continuous prediction and optimization of charac-

teristics, behavior, and performance, from early de-

sign to end-of-life, using digital information, data, and 

digital twin and corresponding software solutions are 

also central technologies at Siemens AG. For exam-

ple, the corresponding research and predevelopment 

is well funded, with investments in the high doubledigit 

millions. Examples include mathematical innovations1  

enabling the realization of industrial milling robots2 or 

increasing the availability of motors 3.

Without mathematics, many products would be un-

thinkable, as the examples in this book impressively 

show. Mathematics is the key technology for digital 

twins and probably even the key technology for the 

21st century itself.

Dirk Hartmann

Senior Principal Scientist Simulation &  

Digital Twin, Siemens AG

Siemens Top Innovator

1st Deputy Chairman KoMSO

1https://new.siemens.com/global/en/company/stories/research-technologies/digitaltwin/passion-for-digital- twins.html

2https://youtu.be/2iIN-9Kno3o 

3https://youtu.be/86vkjykbHRM 
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Keynotes

-

and impact are intense. Our economy increasingly re-

the productivity gains required to support rising stand-

ards of living. Mathematics is playing an ever-expand-

ing role in generating innovation and impact and, via 

knowledge exchange, is adding substantial social and 

economic value to our economy. This has been quanti-

-

an countries, demonstrating that the economic contri-

bution of mathematics represents around 25 – 30 % of 

a country’s national income. In addition to the evidence 

from the reports on the economic impact, recent data 

may be used to show that mathematical research pro-

duces an outstanding rate of return on investment as 

compared to other disciplines like engineering, chem-

istry and physics1. 

Every day the mathematical sciences are used to solve 

otherwise intractable problems. We rely on cryptogra-

phy securing our transactions over the internet and the 

optimal allocation of scarce resources, such as the ra-

dio spectrum which allows our mobile phones to work 

in crowded areas. Mathematics underpins numerous 

health and raise living standards. Genetic analysis relies 

on statistical methodologies, allowing improvements in 

human, animal and plant health. Machine learning, ar-

and to explain the behaviour of deep neural networks. 

The risk of pension and investment funds is managed 

and minimised using mathematical models and actu-

arial science. Many more examples can be given here.

This booklet provides a number of impressive suc-

cess stories setting out a very powerful and well-ar-

gued case for extra investment and new institutional 

initiatives that can accompany it. Taken together, they 

could be fundamental elements of the drive for produc-

of mathematics in a world which is seeing very rapid 

changes in international and technological structures. 

New mathematical understanding does not come out 

of the ether. It requires investment in the pure math-

ematics that underlies all the rest, in the applications 

working with partners and other disciplines, in the peo-

ple, particularly the young who will take it forward, and 

in understanding of mathematics from the top CEOs 

and ministers to those in the more technical areas who 

will do the ‘hard graft.’

The success stories in this booklet make a very pow-

erful case for investing in mathematics. This is the age 

intense. It is a discipline in which Europe can shine and 

lead. Now is the time to invest in its future.

Wil Schilders

of Mathematics for Industry and Innovation)

 

for Industrial and Applied Mathematics)

Director of Dutch National Platform for Mathematics

 

Eindhoven University of Technology

1“The era of mathematics”, page 6
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Hazard density for a turbine vane calculated with a poisson point process
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Gas turbines are used in aviation 

-

ciency of gas turbines increases 

gas components of a gas tur-

bine are subject to extreme ter-

mo-mechanical load. Activation 

and deactivation cycles from start 

to landing of an aircraft or during 

the temporal activation of a gas 

power plant to stabilize an ener-

gy grid drive mechanical fatigue, 

which therefore has to be taken 

into account in design procedures 

and operation and service plans. 

Fatigue life however is not pre-

dictable in a deterministic fash-

ion. Even under lab conditions, 

material test specimens show a 

scatter of fatigue life by a factor 

10 of the average life. The proba-

bilistic assessment of risk during 

operation therefore is of highest 

importance. In almost 10 years 

of continuous collaboration, new 

design procedures for the proba-

bilistic calculation of risks for low 

-

veloped by Siemens. The math-

ematical modeling, based on the 

theory of point processes, pro-

vided a sound theoretical foun-

dation that was complemented 

with intense research and testing 

in materials science. The contin-

uous confrontation of modeling 

approaches with the require-

ments of industrial applicability 

and experimental data triggered 

innovation in materials science, 

mathematics and gas turbine de-

sign and operation.

 From Probabilistic Prediction of  
 Fatigue Life to a new Design Approach  
 for Gas Turbines 

2



3

©
 S

ie
m

en
s 

En
er

gy
 2

02
1

ENERGY From Probabilistic Prediction of Fatigue Life to a new Design Approach for Gas Turbines 



4

T. Beck et al.
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Optimizing torque control for a multi-megawatt compressor.
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