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EXECUTIVE SUMMARY

Executive Summary
This document has been assembled in order to prove that European Modelling, Simulation
and Optimisation in Data-rich Environment (MSODE) requires a mechanism in the form of
European Technology Platform in order to implement a coherent research programme and
act as one of the pillars of European competitiveness.
The independent provision of world-class mathematical algorithms is key to the development of
the European economy and the resolution of the
European Grand Societal Challenges. We estimate
that around 30% of the European GDP (and 50%
of Europe’s manufacturing) depends heavily on the
fast development of Modelling, Simulation and Optimisation in Data-rich Environment (MSODE) solutions. Investment in mathematics yields high and
fast returns – each Euro invested in the development of mathematical algorithms generates multiplied added value: competitive products or services.
Europe’s industry will not be able to grow and remain
competitive unless it controls a source of mathematical algorithms. Mathematical expertise is required
in all modern technologies and industrial fields such
as High-Performance Computing, Big Data, Artificial Intelligence, the Internet of Things, Cybersecurity, Manufacturing Management, etc. Furthermore,
our well-being, health, safety and security depend
increasing on the functioning of complex data-based
systems, whose operations are supported by mathematical algorithms. In the current climate of political
uncertainties, Europe requires independent access to
the source of mathematical algorithms.
We strongly believe that our expertise could complement other advanced areas of technology and

could be of critical value. As an example, EU-MATHS-IN
has been lobbying successfully for the recognition of
the importance of MSODE and associated concepts
such as the Digital Twin within the European Digital
Continuum.
It is clear that European mathematical expertise
needs to be coordinated in order to meet the needs
of industry and society and face the competition of
other regions.
EU-MATHS-IN, the European industrial mathematics think-tank argues that a Technology Platform
should perform the task of consolidating and writing
a European research programme in the area, in coordination with other fields. Furthermore, a pan-European mathematics ecosystem should be built to
ensure balanced development across three dimensions: 1/ the provision of mathematical solutions, 2/
mathematical expertise across the digital continuum
(AI, HPC, Big Data, IoT) and key application areas (e.g.
weather/climate) and 3/the accessibility of expertise
to industry and science. We assume that the implementation of such a programme and an efficient
European mathematics ecosystem would consolidate
and optimise the independent provision of advanced
mathematics in Europe, improve the competitiveness
of the MSODE advanced of the European industries
and increase the European GDP.

This document is the property of EU-MATHS-IN and its preparation has been coordinated by the
EU-MATHS President Zoltán Horváth ( president@eu-maths-in.eu ) who is also the main contact for
any queries in relation to this document.
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1. THE CONTEXT OF THIS DOCUMENT

1. The Context of this Document
The objective of this document is to prove that there is a need for a European Technology
Platform (ETP) in the area of Industrial Mathematics, or Modelling, Simulation and Optimisation in Data-rich Environment (MSODE).
This document consolidates the European expertise
in the area of MSODE and it summarises the current
research MSODE priorities that should be included in
future research work programmes related to Industrial Mathematics. We argue that in order to support
the development of a globally competitive MSODE
ecosystem in Europe, there is a need to implement
a consolidated and centrally managed research and
investment programme in the area of industrial mathematics in Europe. To this end, a permanent, officially
recognised structure is needed, such as a European
Technology Platform, similarly to other technology
areas. The role of an ‘MSODE ETP’ would be to advise
the European Commission and other funding bodies, e.g. the relevant Joint Undertakings, on the priorities to be addressed in the corresponding Work
Programmes and calls for proposals. The material
assembled in this document is a proof that sufficient
expertise exists in Europe to establish such a permanent mechanism and also that Europe requires independence in the provision of MSODE technologies in
order to remain competitive.
This document defines the value, state of the
art and the priorities of the current MSODE ecosystem in Europe and it also provides select use cases
to support this argument. The operational role of the
MSODE SRA should be twofold: 1/ it has been created by the EU-MATHS-IN Ecosystem and its Working
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Groups, and it should be used by the EC (and other
related bodies) to create a work programme and 2/
projects submitted to Calls should also be assessed
based on the SRA (and their participants come from
the Ecosystem).
EU-MATHS-IN will also use this document when
collaboration with other initiatives, e.g. other ETPs
and other Joint Undertakings, such as EuroHPC (in
the area of High-Performance Computing), BDVA (Big
Data Value Association), ECSEL and KDT (Key Digital
Technologies) and other potential JUs. The objective
of this collaboration is to include the MSODE priorities
in the corresponding work programmes and other initiatives.
Furthermore, the work delivered by EU-MATHS-IN
with the TransContinuum Initiative (TCI – described
below), provides convincing evidence that MSODE has
a place in the spectrum of the European Digital Continuum. The TCI has been an opportunity to emphasise the role of MSODE, relate it to other technologies,
organisations and funding bodies and also to test various MSODE uses cases (emphasising the concept of
Digital Twins and other similar methods) that should
be developed in conjunction with other technologies.
There are more such uses cases available within the
MSODE ecosystem, the elaboration of which should
benefit the entire Digital Continuum.
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2. MSODE across the European Digital Continuum
Industrial Mathematics should play the role of integrating the various technologies. Its central role is a
reflection of its universal character and the fact that
generic solutions should be developed that work

for multiple areas, or enable their communication.
An integrated approach to the development European mathematics would streamline the investment
needed to operate this paradigm.

Figure 1. MSODE as a technology integrating various technologies of the Digital Continuum.
The TransContinuum Initiative (TCI) which has
been established to promote cross-domain collaboration for EU R&D programmes is a good example of the
role MSODE should perform in acting as the core of
the integration of other technologies. EU-MATHS-IN
is one of the founding members of the TCI and the
EU-MATHS-IN team has contributed greatly to the
development of the scope of the TCI, its foundations
and also its repository of uses cases. The concept of
Digital Twins, which is now being promoted by the
TCI, has originated in EU-MATHS-IN.
The TransContinuum is the unison of related digital
technologies which offers solutions for the operation
of complex data workflow systems. This continuum is
a continuous dynamic workflow between Smart Sensors and IOT devices and HPC / cloud centres passing through Edge platforms & subsystems as well as
Smart Networks and Services, executing Simulation
& Modelling, Big Data Analytics and Machine Learning based on Math. Methods & Algorithms including
MSODE, pervasively augmented by Artificial Intelligence protected and secured by Cybersecurity, back
to Cyber-Physical Systems, all based on Data and
compute platforms (HW and SW).

Figure 2. The TransContinuum is the unison of related
digital technologies which offers solutions for the operation of complex data workflow systems.
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The Transcontinuum Initiative is developing a vision
of the characteristics of the infrastructure required
for the convergence of data and compute capabilities in many leading edge industrial and scientific use
scenarios. A paradigm change is needed: we will have
to design systems encompassing millions of compute devices distributed over scientific instruments,
IoT, supercomputers and Cloud systems through LAN,
WLAN and 5G networks.
The ambition of TCI is also to become a meeting
place of experts representing various disciplines in
both science and industry – an asset that Europe can
apply in the resolution of its other challenges such as
healthcare, climate change or smart cities.
The TransContinuum Initiative will focus on collaboration towards five objectives:
1. 
Elaborate joint recommendations for R&D to be
carried out in EU- or JU-funded work programmes
addressing challenges in the digital continuum.
2. 
Engage with EU Research & Innovation funding
entities to promote our recommendations.
3. Generate and foster an interdisciplinary network of
experts in science and industry.
4. 
Contribute to Strategic Research [and Innovation] Agendas or any other road mapping documents issued by participating partners, specifically
on interdisciplinary technical aspects, with a view

8

to extend the concept of co-design to cover the
entire continuum.
5. Contribute to the 5 Horizon Europe missions (adaptation to climate change including societal transformation, cancer, healthy oceans, seas coastal
and inland waters, climate-neutral and smart cities, soil health and food.) One of the first pragmatic actions will be to design the contribution of
the Digital Twin enabler to the Horizon Europe missions.
The foundations of the work to be carried out by
the TCI have now been defined in a Vision document
signed by eight organisations:
▪ EU-Maths-In, the European Service Network of
Mathematics for Industry and Innovation,
▪ 5G IA, the 5G Infrastructure Association,
▪ AIOTI, the Alliance of Internet Of Things Innovation,
▪ BDVA, the Big Data Value Association,
▪ CLAIRE, the Confederation of Laboratories for
Artificial Intelligence Research in Europe,
▪ ECSO, the European Cybersecurity Organisation,
▪ ETP4HPC, the European Technology Platform for
High-Performance Computing,
▪ HiPEAC project (High Performance Embedded
Architecture and Compilation).
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3. Mathematical Modelling, Simulation and Optimisation
in Data-rich Environment (MSODE)
The importance of Modelling, Simulation and Optimisation in Data-rich Environment (MSODE) is analysed
in the following publication ‘Modelling, Simulation &
Optimisation in a Data-rich Environment; A window
of opportunity to boost innovations in Europe’ issued
by EU-MATHS-IN, the pan-European industrial mathematics organisation [EU-MATHS-IN 1].
MSODE remains the cornerstone for the development of products and services in the ﬁelds of Industry, Health, Energy or even Finance. Although High
Performance Computing, High-Performance Data
Analytics and Artiﬁcial Intelligence oﬀer new opportunities, their impact on innovation and the improvement of products and services could remain partial
without a massive eﬀort on the axes of modelling,
simulation and complex systems optimisation. Major
opportunities, in particular, the establishment of Digital Twins [EU-MATHS-IN 1], rely on the connections
at the interface between ﬁelds of expertise, domains,
businesses and across the complete lifecycle of products and systems. At the same time, methods have
outpaced computational power in terms of capability
over the past decades.

business-to-business services, i.e. the case where
third parties interfere as an intermediate in business relationships at the expense of the original
members of the eco-system.

3.1. The power of MSODE in
comparison with Moore’s Law
Algorithm outperforming machines. Moore’s Law
states that the number of transistors in a dense integrated circuit doubles approximately every two years
[EU-MATHS-IN 1]. As more transistors fit into smaller
spaces, processing power increased and energy efficiency improved, all at a lower cost for the end user.
This development not only enhanced existing industries and increased productivity, but it has spawned
whole new industries empowered by cheap and powerful computing. The development of (mathematical) algorithms has shown a development similar to
that of Moore’s Law, and in all cases, it turns out
that algorithm improvement outperforms machine
improvement, sometimes by significant factors.

▪ Modelling, Simulation & Optimisation (MSODE) in a
Data-rich Environment plays a key role to develop
new economic opportunities: i) the virtual co-development of products and systems, ii) novel digital services to the consumer along the complete
value chain, iii) innovative industrial solutions within
Industry 4.0.
▪ MSODE is an essential mathware component; we
advocate mathware is an asset whose value competes with the one of software implementation and
hardware capabilities in the final offer.
▪ MSODE is at the core of business-to-business applications in Artificial Intelligence and the upcoming advances in computational hardware from high
performance to edge computing. MSODE will provide the next generation key technologies enabling
quantum leaps in digital twins.
▪ Beyond their impact on innovation and efficiency,
digital twins foster a unique opportunity to prevent the intermediation of European companies on

Figure 3. The development of algorithms outperforms
the development of machines.
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3.2. Digital Twins

3.3. The Global MSODE Market

MSODE plays an important role in the development of
Digital Twins [EU-MATHS-IN 1].

The economic impact of applications related to mathematics is estimated to rise to 90 billion Euros per
year by 2025 [EU-MATHS-IN 1]. In this global market, Europe has the highest concentration of simulation firms. It is estimated that a large proportion of of
all MSODE solutions come from Europe and an equally
large proportion of the use of MSODE solutions is
concentrated in Europe.

A holistic approach is needed to combine all modern developments in the area of technology and science. A complete industrial product or process in
its whole life cycle can be accompanied by a virtual
representation, often called digital twin that allows
design optimisation, process control, lifecycle management, predictive maintenance, risk analysis and
many other features.
A complete industrial product or process in its
whole life cycle can be accompanied by a virtual representation, called digital twin. Digital twins allow
novel digital assistance for design optimization, process control, lifecycle management, predictive maintenance, risk analysis, and many other aspects. Digital
twins integrate model and data based approaches
and carry the complete knowledge and information
of a product/system gathered during the life cycle in
digital form. Digital twins can reside and be executed
in the cloud or on the edge.
Digital twins are so important to business today,
that they were named one of Gartner’s Top 10 Strategic Technology Trends for 2017. They are becoming
a business imperative, covering the entire lifecycle of
an asset or process and forming the foundation for
connected products and services. Companies that fail
to respond will be left behind. Digital twins are being
deployed to aid the design of MSODE advanced solutions: autonomous cars, personalise medicine, etc.

Figure 4. The concept of a Digital Twin [EU-MATHS-IN 1].
The digital twin in the virtual space replicates the real
life model and allows the analysis and management of
related processes.
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3.4. Scientific and Technological
Challenges Today
To meet the future challenges, in particular with
respect to digital twins, it is necessary to develop
novel MSODE paradigms allowing to build automated
modularised networks of model hierarchies able
to deal with multi-physics and multi-scale systems
[EU-MATHS-IN 1]. Such models range from very high
fidelity physics based models to very coarse, surrogate, or even purely data based models.
▪ On one hand, high fidelity modelling is required
to account for multi-physics and multi-scale systems, and to identify new design levers at the
smallest scale. It is often derived from first principle approaches and depending on the complexity
requires the exploitation of computational power as
provided by High Performance Computing to deliver
the expected prediction in a reasonable time frame.
To benefit from the ever-growing computational
powers of novel architectures and systems, specific
hardware-aware mathematical strategies must be
developed.
▪ On the other hand, reduced order modelling must
provide real-time estimates to enable system optimization, or in combination with Artificial Intelligence to achieve efficient modelling compliant
with available data in real time during operation.
An example of that kind of needs is given e.g. by
autonomous transport. In particular corresponding
solutions must be realized on the edge to provide
sufficient fast and robust interaction with the real
process. Novel mathematical concepts are required
to address these needs of computing on the edge,
e.g. in a clever combination with computing in the
cloud.
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Key to digital twinning will be a convergence of
Artificial Intelligence methods and first principle
approaches typically used in MSODE by laying down
novel mathematical principles as the core language of
digital twins. Such complementarity allows to realize
Smart Data concepts, e.g. data combined with mathematical models, in the frequent case where large
amounts of data prove not to be available. The role of
advanced and multi-fidelity modelling is equally fundamental in the development of current Edge Computing ambitions. Edge Computing is justified by the
need for insight on the data captured by sensors during operations and the need for real-time analysis and
corresponding actions. It appeals for the right compromise between efficiency and productiveness.

Furthermore, the model hierarchies should:
▪ evolve automatically with availability of new information, data, or changes in the process,
▪ allow adaptive models and solutions with seamless
choice of accuracy and speed,
▪ allow real-time and interactive simulation and optimization,
▪ be made robust towards inaccuracies in the data
and the model,
▪ be able to quantify the associated uncertainties
and risks.

Modelling, Simulation and Optimisation in Data-rich Environment – EU-MATHS-IN Strategic Research Agenda 2020
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4. The Value of Mathematics to Europe
Mathematics, more specifically MSODE, is an essential
asset for addressing tomorrow’s challenges: knowledge, innovation and competitiveness. Although the
excellence of European research in mathematics is
world renowned, its interaction with the industrial
world still lacks clarity. Yet, industry and the business
world abound in mathematics more or less explicitly
(models, statistics, algorithms, numerical simulation,
optimisation, etc.)

4.1. The correlation of mathematical skills and country competitiveness [EU-MATHS-IN 1]

on research carried out in various Member States
[EU-MATHS-IN 2-5], it could be assumed that:
▪ Around 13-16% of the European Gross Value Added
is affected by the provision of competitive mathematical solutions
▪ Around 40% of all EU employment is linked to the
use of novel mathematical methods
▪ This figure is higher in the case of the sectors (and countries with a strong reliance on
advanced industries, such as IT, data-driven sectors, biomedicine, etc.
▪ This ratio is higher in the case of the better-developed countries.

In general, those industrial sectors and economies
with strong mathematical expertise are more competitive and more robust. A strong mathematical sciences
foundation is critical to the success of any advanced
economy. Better mathematical skills correlate with a
more competitive economy and a higher standard of
living. Moreover, with the revolutions in computational
science, big data, statistics and business analytics the
importance of mathematical sciences to society is
likely to increase substantially in the coming decades.
Figure 6. The portion of math-intensive Jobs in the
EU economies [EU-MATHS-IN 5].

4.3. Industrial Use Cases
[EU-MATHS-IN 1]
4.3.1. Siemens
Figure 5. Relation between mathematical ability and
country competitiveness [EU-MATHS-IN 1].

4.2. Mathematics and European GDP
There is no study available assessing the exact contribution of mathematics to the European GDP. Based
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Siemens AG (headquartered in Berlin and Munich) is a
global powerhouse in electronics and electrical engineering. Operating in the ﬁelds of automation, electriﬁcation and mainly also digitalization, Siemens
holds leading market positions in all its business
areas.
The company has roughly 372,000 employees
– of which 39,000 were newly hired in Fiscal Year
(FY) 2017 and of which 115,000 or 30,9% are based
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in Germany – working to develop and manufacture
products, design and install complex systems and
projects, and tailor a wide range of solutions for individual requirements. For more than 170 years, Siemens stands for technological excellence, innovation,
quality, reliability and internationality. In FY 2017, Siemens had revenue with business in more than 200
countries of €83.05 billion. Arising from Siemens software and digital services alone, €5.2 billion could be
achieved (e.g. via MindSphere), making it a growth
rate in this area of 20%.
Since 2007, Siemens is driving digital transformation with $10 billion investment in U.S. software companies 1 in the ﬁeld of digital twins making it now one
of the largest computational engineering and design
tool providers. Combined with its MindSphere oﬀering, no other IoT provider can drive closed-loop innovation through complete digital twins for products,
production, and performance like Siemens.

EXAMPLE: RETHINKING DESIGN
Simulation-tools today are expert centric and require
long cycle times 3. Thus simulation is very often
used only lately during the design process and performed not by the designer or the domain engineer
but by separate simulation experts. These long iterative cycles lead to the fact that up to 80% of time-tomarket is spent waiting.
Novel mathematical approaches developed in the
last years allow rethinking these paradigms 4. Providing very fast simulations tools, e.g. 3D mechanical
or lumped systems simulations, allows interactively
exploring design spaces manually or generating
designs automatically by means of mathematical optimization and machine learning. In particular for additive manufacturing corresponding paradigm shifts
are crucial, since available design spaces for products
are exploding due to the disappearance of manufacturing constraints.

4.3.1.1. Digital Twins
A digital twin is a cross-domain digital model that
accurately represents a product, production process
or performance of a product or production system in
operation 2. The digital twin evolves and continuously
updates to reﬂect any change to the physical counterpart throughout the counterpart’s lifecycle, creating a closed-loop of feedback in a virtual environment
that oﬀers companies the best possible design for
their products and production processes. Digital
twins are the epitome of the digitalization of plants
and machinery – the virtual copy of a real machine
or system. And the twin is indeed increasingly proving that it can help ensure optimized machine design,
eﬃcient commissioning, short changeover times, and
smooth operation.
Siemens believes in a holistic approach that, with
intelligent models and a closed-loop digital thread,
leads to insight with actionable impact. By incorporating multiphysics simulation capabilities, the digital
twin is a predictive analytics tool used to determine
the performance characteristics of products and production systems. The digital twin’s end-to-end use
can last through the design, manufacturing, operation, feedback, and updates until the physical
counterpart’s end-of-life. Products and production
systems can be consistently optimized as the digital
twin receives performance information from the ﬁeld
(product) or the factory (production system).

Figure 7. A look through an augmented-reality headset at a motor allows a viewer to see an exact simulation of the motor in real time and its interior with a
real motor superimposed over it.
Apart from optimising products and systems, in
particular digital twins allow to realize novel operation
and service oﬀerings build on engineering knowledge
in terms of executable models. In particular for small
lot size products (e.g. gas turbines or large electrical
drives), fault detection, or operation close to the feasible limit, artiﬁcial intelligence or statistic based applications are conﬁned due to the available amount of
data. Reusing existing engineering models in terms
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of digital twins allows addressing novel solutions and
services for these kinds of scenarios. Corresponding applications are spanning the complete Siemens
portfolio from large gas turbines to complete trains.
At the same time Siemens is providing corresponding infrastructure via its IoT operating system MindSphere 5.

2 Siemens PLM Community (2018): Digital Twin. https://community.plm.automation.siemens.com/t5/Digital-Twin/ct-p/DigitalTwin
3 Accenture (2012): Accenture Innovation and Product Development Engineering Simulations Accelerated by GPUs. NAFEMS World Congress 2017
https://www.nafems.org/downloads/presentations/nwc17/ NWC17-509.pdf
4 Siemens (2017): MindSphere: The cloud-based, open IoT operating system
for digital transformation. Whitepaper. https://www.plm.automation.siemens.com/global/en/topic/ mindsphere-whitepaper/8683

EXAMPLE: REINVENTING OPERATION OF LARGE
DRIVES
Let us consider an example of large drives 6. If they
were repeatedly started, their interior temperature
could shoot to as much as 800 °C, thereby potentially
causing serious damage. The motors must therefore
be allowed to cool before being restarted. The temperature in critical areas of the motors’ interior cannot be
directly measured. Normally, experts build in a safety
buﬀer that rules out the possibility of damage. This
frequently results in down times of up to 12 hours.
Technology leaps in the mathematical sciences
allow today to reuse engineering models during operation.
Using complexity reduction methods, corresponding models can be speed up by orders of magnitude,
allows running a simulation parallel to the operation
and by means of the simulation to estimate temperatures in the rotor. The direction of temperature changes can now be monitored in real time and predicted.
Such an optimized process that can prevent motor
overheating and reduce the downtimes required
during the cool-oﬀ phase can save up to € 210,000
per hour.
The age of simulations and digital twins is just
rising. According to the German Association for Information Technology, Telecommunications and New
Media (BITKOM), every digital twin in the manufacturing industry will have an economic potential of more
than € 78 bn by 2025. However, this potential can
only be achieved if future systems are not only networked, but are also capable of seeing, understanding, and self-optimizing by building on digital twins in
order to adapt to future changes 7.
REFERENCES
1 
Siemens (2017): Siemens driving digital transformation with $10 billion investment in U.S. software companies since 2007. Press release.
https://www.siemens.com/press/en/pressrelease/?press=/en/pressrelease/2017/corporate/pr2017030247coen.htm
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5 A. Barnard, S. Zistl (2018): Virtual Sensor opens a World of Eﬃciency for
Large Motors. Pictures of the Future Siemens. https://www.siemens.com/
innovation/en/home/pictures-of-the-future/digitalization-and-software/
simulation-and-virtual-reality- virtual-sensors.html
6 Siemens (2017): Twins with potential. Digitalization in Machine Building.
https://www.siemens.com/customer- magazine/en/home/industry/digitalization-in-machine-building/the-digital-twin.html
7 D. Hartmann, P. Stelzig, S. Gavranovic (2017): Accurate Interactive 3D Services.

https://www.accenture.com/gr-

en/~/media/Accenture/Convers-

ion-Assets/DotCom/Documents/ Global/PD

4.3.2. Michelin
Advanced Modelling at the Service of Innovative
Products and Services
At the core of our tire design process is the quality of modelling. It not only underpins our long term
worldwide technological leadership, but it also can
create short term economic opportunities derived
from enhanced methodologies in the conceptualization of tires.
To give an example, the virtual homologation of
tires on vehicles during their joint development phase
has an important potential in terms of improving
speed to market and eﬃciency. For this to be successful, it requires the availability of multi-partner simulation platforms where individual models can be shared
and coupled in an eﬃcient way, while simultaneously
preserving intellectual property rights. In addition
predictive capability must also be guaranteed by the
adequate use of multi-ﬁdelity models and the availability of validation data. Furthermore such collaborative platforms could beneﬁt importantly from general
multi-criteria optimization capabilities. This approach
would clearly establish new standards for the automotive industry, and result in considerable eﬃciency
gain for all the businesses involved.
A second opportunity lies in the constant improvement of models based on the collection & exploitation
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of real life data, well beyond the present capabilities
available for data assimilation. Models of diﬀerent
nature and accuracy could be potentially combined to
provide the right compromise between accuracy and
eﬃciency.
The ultimate goal here is an increased predictive
power in the assessment of the performance of our
products. Eventually, once integrated into vehicles,
such models will provide drivers with enhanced driving experience, and in turn enrich the understanding
of tire usages in B2C applications. In B2B applications,
these models will enable ﬂeet operators to manage
operations more eﬃciently, improving uptime through
predictive maintenance and maximizing value creation from product designs better adapted to speciﬁc
usages.

In this way this initiative will strongly support the
design of long lasting and environmentally friendly
performances
Finally “Digital Twins” play a key role for Industry
4.0. With the help of simulation they allow for the
development of a deeper understanding of product/
process interaction. This understanding, in turn,
enables better preventive maintenance and the adaptation of production tools in order to optimize quality and eﬃciency. These technologies can be used to
support productivity improvement, all the way from
early understanding and learning, up to real time
decision making processes. Supporting industry with
a long lasting framework for industrial twinning would
allow for the experience, sorting and deployment of
relevant technologies for the long run, without the
need to change the working environment.
All these axes can lead to powerful scientiﬁc and
technological advances that will ultimately deliver higher competitiveness to a wide range of industries.
In this domain, partnerships are both welcome and
necessary in order to generate signiﬁcant value. This
includes connecting to both public research units and
start-ups.

4.3.3. Royal Dutch Shell
Digitalisation in all its potential is rapidly gaining
ground within Shell. Data analytics has an increasing impact on our work processes, as more and more
data is available. It adds value along the entire life-cycle of our products and processes. In addition, modelling, simulation and optimization (MSODE) are
successfully and ubiquitously used throughout the
various business segments of Shell.

More generally models and data analysis support
the development of innovative products. Multi scale
and multi-physics analyses enable the identiﬁcation
of new technologies and provide deeper understanding at the smallest of physical scales. In modelling,
extreme computational performances are needed to
account for the unusual level of heterogeneities in the
tire structure. This in turn requires dedicated work in
domain decomposition and high performance computing and ultimately, sensitivity analysis will become
increasingly necessary to optimize performances in a
challenging framework where sophisticated contact
states and complex material laws remain a challenge.

Particularly in the initial phases of a product,
device or process, a model-based approach is used
as insuﬃcient data is available to support the many
design decisions based solely on the data. Along the
life cycle, data abundance will increase and slowly
data analytics will gain prominence. Data analytics
has made giant strides in the past decade and is ﬁnding its way into our processes.
However, we feel there is a need to strengthen
the MSODE community to allow us to accelerate the
conception phase. This is particularly valuable in our
eﬀorts to support the energy transition as well as
explore newer, greener chemistries. Many of the systems we are exploring are inherently multi-scale and

Modelling, Simulation and Optimisation in Data-rich Environment – EU-MATHS-IN Strategic Research Agenda 2020

15

4. THE VALUE OF MATHEMATICS TO EUROPE

require several diﬀerent forces and drivers (mechanical,
electrical, thermodynamic) to be assessed in an integrated fashion. These often constitute complex, multi-scale, multi-physics problems. Brute force methods
alone (HPC) will not be suﬃcient. Only sophisticated,
new mathematical approaches, together with HPC and
data assimilation will be able to handle these problems.
Whereas in the past Shell largely relied on internal eﬀorts to develop the technology it relies on, the
last 10 years we are partnering more and more with
third parties from industry, service companies and
academia. The concept of a European Open Source
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Ecosystem, as described in this document, seems
to us as the fastest route to innovation in the area
of complex multi-scale, multi-physics problems, and
hence progress in the ﬁelds described above.
The concept of Digital Twins is very attractive. We
are already deploying them in several of our assets
to optimize operations and maintenance. Once
suﬃciently powerful mathematical models are available as advocated above, we can move this powerful
concept into our labs as well. This would truly give us
the next generation laboratories that will drive future
progress.
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5. E uropean Digital and Industrial Strategy – Horizon
Europe [EC 1-7]
5.1. Digital Single Market

▪ To deliver on citizens’ priorities and sustain our
socio-economic model and values

The EU’s Digital Single Market initiative aims at making
the EU's single market fit for the digital age requires
tearing down unnecessary regulatory barriers and
moving from individual national markets to one single
EU-wide rulebook. These steps could contribute €415
billion per year to economic growth, boosting jobs,
competition, investment and innovation in the EU.

The implementation of the programme will take
place in the following Clusters:

The entire programme will have a budget of 9.2 billion Euros. It will shape and support the digital transformation of Europe’s societies and economies. The
programme will boost frontline investment in:

▪ Food and Natural Resources

▪ Health
▪ Inclusive and Secure Society
▪ Digital and Industry
▪ Climate, Energy and Mobility

▪ Supercomputing

MSODE aids the resolution of the challenges in
the Clusters above. The ‘Digital and Industry’ Cluster,
in particular, contains areas that depend on the provision of MSODE:

▪ Artificial Intelligence

▪ Manufacturing technologies

▪ Cybersecurity

▪ Advanced materials

▪ Advanced Digital Skills

▪ Next generation internet

▪ Ensuring the wide use of digital technologies across
the economy and society.

▪ Circular industries

Digitising European Industry is an EU initiative
building on and complementing the various national
initiatives for digitising industry, such as Industrie
4.0, Smart Industry and l'industrie du future. Industry
4.0 is a name given to the current trend of automation and data exchange in manufacturing technologies. It includes cyber-physical systems, the Internet
of things, cloud computing and cognitive computing.
Industry 4.0 is commonly referred to as the fourth
industrial revolution.

▪ Key digital technologies

5.2. 
Clusters of the European
Strategy

▪ Space
▪ Artificial intelligence and robotics
▪ Advanced computing and Big Data
▪ Low carbon and clean industry

5.3. 
Horizon 2020 Missions
Partly inspired by the Apollo 11 mission to put a man
on the moon, European research and innovation missions aim to deliver solutions to some of the greatest
challenges facing our world. They are an integral part
of the Horizon Europe framework program beginning
in 2021.

The European Commission has published its proposal
for Horizon Europe, an ambitious €100 billion research
and innovation programme that will succeed Horizon
2020. Its objectives are:

Each mission is a mandate to solve a pressing
challenge in society within a certain timeframe and
budget.

▪ To strengthen the EU’s scientific and technological
bases

▪ Conquering Cancer: Mission Possible – Targets
by 2030: more than 3 million more lives saved, living
longer and better, achieve a thorough understanding of cancer, prevent what is preventable, optimise

▪ To boost Europe’s innovation capacity, competitiveness and jobs

The Missions in Horizon 2020 are:
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diagnosis and treatment, support the quality of life
of all people exposed to cancer, and ensure equitable access to the above across Europe.
▪ A Climate Resilient Europe - Prepare Europe for climate disruptions and accelerate the transformation
to a climate resilient and just Europe by 2030 - Targets by 2030: prepare Europe to deal with climate
disruptions, accelerate the transition to a healthy
and prosperous future within safe planetary boundaries and scale up solutions for resilience that will
trigger transformations in society.
▪ Mission Starfish 2030: Restore our Ocean and
Waters - Targets by 2030: cleaning marine and
fresh waters, restoring degraded ecosystems and
habitats, decarbonising the blue economy in order
to sustainably harness the essential goods and services they provide.
▪ 100 Climate-Neutral Cities by 2030 – by and for
the citizens - Targets by 2030: support, promote
and showcase 100 European cities in their systemic
transformation towards climate neutrality by 2030
and turn these cities into innovation hubs for all cities, benefiting quality of life and sustainability in
Europe.

▪ Caring for Soil is Caring for Life – Targets by
2030: at least 75% of all soils in the EU are
healthy for food, people, nature and climate. The
proposed mission combines research and innovation, education and training, investments and the
demonstration of good practices using “Living labs”
(experiments and innovation in a laboratory on the
ground) and “Lighthouses” (places to showcase
good practices).

5.4. The role of MSODE in the
European Digital and Industrial
Strategy – Horizon Europe
Our Vision is that MSODE should address the challenges included in the clusters and missions above
through collaboration with the technologies of the
Digital Continuum – HPC, AI, BD and IoT. Also, any
project resolving the challenges represented by the
Clusters, need to include the MSODE elements (e.g.
progress in the area of weather prediction is only with
the inclusion od MSODE).

Figure 8. MSODE address the challenges included mainly in the ‘Digital and Industry’ Cluster and also the challenges of the Five Horizon Europe Missions through collaboration with the technologies of the Digital Continuum
– HPC, AI, BD and IoT. Also, any project resolving the challenges represented by the Clusters, need to include the
MSODE elements.
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5.5. Strategic Analysis of European MSODE – SWOT
STRENGTHS:

WEAKNESSES:

▪ Long standing proficiency in mathematics

▪ The fragmentation of European expertise

▪ European mathematics is the global leader in
many area of maths

▪ Lack of a centralised and continuous research and
investment funding programme

▪ Mathematics already forms the backbone
of many European competitive companies
[EU-MATHS-IN 16]

▪ Lagging behind in some key technological areas
▪ Lack of advanced technological manufacturing

▪ There are good, efficient programmes in selected
EU countries supporting the development of
MSODE (e.g. Spain, France)
▪ A strong base of SMEs using simulation in their
operations (examples: EU-MATHS-IN 1 and 6)
▪ The highest concentration of simulation firms in the
world
▪ Long traditions in industrialisation, manufacturing,
innovation, design, etc.
▪ Excellent research and academic base
▪ Good school and university systems
▪ Other related fields such as HPC, Big Data, AI,
etc. have advanced research and investment programmes – and mathematics is present in them
OPPORTUNITIES:

THREATS:

▪ MSODE becoming the core of products and services
supported by HPC, AI, IoT, etc.

▪ In other regions, expertise is consolidated and its
research management is centralised

▪ Mathematics could help many European industry
segments compete globally

▪ The supply of MSODE solutions from other regions
might be cut off due to political conflicts or instabilities

▪ There are some large and niche markets where,
with the help of mathematics, European could
obtain leadership

5.6. Strategic Directions
The conclusion of the SWOT analysis above is this: in
order to maintain the competitiveness of the European economy, the well-being of European citizens
and security of European society, the EU requires an
independent provision of mathematical solutions. This
requires the following action:
Develop an ecosystem for the development of
MSODE in Europe, which involves:

▪ Implementing a consolidated and centrally managed research and investment programme in the
area of industrial mathematics in Europe, which in
turn calls for:
▪ Creating a European Technology Platform (ETP)
for Industrial Mathematics – this ETP would define
and maintain a European Strategic Research
Agenda (SRA) that would form the basis of research
programme definition and project assessment 1.

1 We have researched all other technology ecosystems in Europe. A good example to follows is the HPC eco-system, on which our proposal is based.
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Figure 9. The proposed European MSODE Ecosystem
The task of an MSODE ETP would be to produce
and maintain a Strategic Research Agenda in the area
of MSODE, the recommendations of which would give
rise to MSODE basic technology projects, based
on the priorities identified by the MSODE Working
Groups (the left circle), which identify those elements
of technology whose significance is justified by the
existence of a relevant use case, within the context of
the Digital Continuum).
We also suggest the creating of MSODE Centres
of Excellence to support the cross-cutting technologies such as Digital Twins and Open MSODE Software
(WG-C1, WG-C2). These centres should maintain and
develop the MSODE technologies provided by the
basic MSODE technology projects, other projects or
other These centres should maintain and develop
these technologies developed in the basic MSODE
technology projects based on the SRA (hence the
arrow linking the two circles/ and feeding the latest
versions of them back to the basic technology projects (and the one-stop-shop competence centres
below). Thus, the centres would become permanent
projects and constitute a critical, central element of
the Digital Continuum by serving other stakeholders. Their task would be the provision of the latest

20

versions of the MSODE technologies required by
these entities.
The third ‘pillar’ /bottom circle/ is the part of the
eco-system which interacts with industry and academia. This MSODE One-Stop Shop would consist
of multiple, regional Competence Centres that offer
infrastructure and services as well as technology
transfer to companies and academia.
There should also be a pan-European MSODE
coordination project (a coordination and support
action) in order to coordinate and fund the operation of the MSODE eco-system and relate it to the
EC, other funding bodies and other technological
eco-systems.

5.7. 
MSODE Work Programme
Proposal
We recommend the implementation of a complex
Work Programme that would include the priorities of
the research and innovation as well as the implementation of the other two pillars of the Ecosystem: the
centres of excellence and the one-stop shop centres
of competence.
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Figure 10. The proposed schedule of the MSODE SRAs (SRA 1 and 2) and the Calls for Proposals and Projects for
in three categories: Research and Innovation Actions, Centres of Excellence and Centres of Competence. Length of
the lines indicated SRA/project duration.

5.8. 
Conclusions
MSODE can help Europe transform leadership in science in innovation and entrepreneurship. Unless we
act now, Europe will pay the cost of not acting:
▪ The European GDP might drop by a significant %
(we estimate that to be around 10%)
▪ Our industrial and academic experts might choose
to emigrate to other, more prosperous regions
▪ The security and economic independence of the EU
might be threatened
A high-level approach on MSODE, enriched by Artificial Intelligence and High Performance Computing, is
a considerable economic asset. An operational European MSODE Technology Platform should consolidate the European industrial and academic expertise
in the area and assist the EC in the implementation
of a long-terms research and investment programme,

combining industrial and academic partners. This
would enable European firms to seize new economic
opportunities including [EU-MATHS-IN 1].
▪ the virtual co-development of products and services in a joint development phase, enabling efficiency and improved time-to-market,
▪ the advanced design of complex systems underlying for instance the automotive, aerospace and
energy industries; it is particularly decisive in the
efficient development of green energies and in
smart cities challenges,
▪ the development of new digital offers to the customers based upon the proper complementarity
between modelling and real-life data processing,
▪ the support to innovative industrial development
within Industry 4.0; anticipated maintenance of production tools and the consistence between products and processes is a clear opportunity for the
competitiveness of European industries.
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6. MSODE Research Priorities
The following sections contain the research priorities identified by the following Working Groups (WG)
selected out of the MSO-DE membership base. Each
WG tackles a specific topic within the MSO-DE spectrum of research.
The Working Groups for basic MSODE technologies below cover the priorities that need to
be addressed in order to advance basic, elementary research in those pieces of technology that are
needed in order to operate complex MSODE solutions. These research actions should be funded on a
continuous basis, as topics in this category emerge in
response to the evolving requirements of users.
▪ WG-1 Modelling
▪ WG-2 Model Order Reduction
▪ WG-3 Simulation
▪ WG-4 Optimisation
▪ WG-5 Systems and Control
▪ WG-6 High Performance Computing
▪ WG-7 Inverse problems and parameter estimation
▪ WG-8 Uncertainty Quantification
▪ WG-9 Data Science and Artificial Intelligence
The Working Groups for Missions cover the four
areas where we think cross-cutting, multi-disciplinary Centres of Excellence (similar to those operating
in the HPC ecosystem) should be funded, ensuring
the continuity of excellence development. These projects will require an increased amount of funding over
a longer period in order to support the following key
areas:
▪ WG-M1 Digital Twins

Finally, the WG-T1 Working Group for Transfer
describes the activities required to ensure the transition of the technologies developed to industrial users
at large. The idea of a one-stop-shop is promoted in
order to centralise the provision of excellence in all
MSODE areas.
Each of the following Working Group chapters
should be treated as an independent section. The following structure applies:
1. The Main trends present in the given area, which
affect the selection of the relevant research priorities.
2. The Use Cases that best exemplify the industrial
application of the technologies developed within
the given Working Group. The number and level of
detail of of the Use Cases varies across the Working Groups and the Reader should be expect the
same formar or breadth of the related material.
Most Working Groups identify and detail one or
two Use Cases which are the most representative
of their work.
3. The Main Research Challenges faced by the given
Working Groups, i.e. the pieced of technology the
research and development of which needs to be
funded in order for this WG to keep pace with the
challenges of this area.
4. The Requirements the given Working Group ooses
for other Working Groups, i.e. the deliverables other
Working Groups need to provide in order to implement the recommendations of the given area.
5. Finally, each WG chapter has its own References
(as we expect that the chapter could be read independently, depending on the requirements of the
Reader).

▪ WG-M2 The OpenMSODE Software
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6.1. WG-1 Modelling
Global trends such as e-mobility, smart energy grids,
connected products and services require more
detailed design work in order to handle the complexity and guarantee successful implementation. Further,
models can be parts of the products, so that they are
parts of the product functions over lifetime, e.g. models for predicted maintenance, e.g. [11].
Mathematical modelling is the art of translating problems from an application area into tractable mathematical formulations whose theoretical and
numerical analysis provides insight, answers, and
guidance useful for the originating application.
The modelling of complex engineering systems at
a general level can be used to analyse, perform tests,
specify input data, execute, and study behaviours
before changes in a structure among other activities.
It provides an abstraction that reduces a problem to
its essential characteristics. Mathematical modelling
is the process of using various mathematical structures – graphs, equations, diagrams, scatterplots,
tree diagrams, and so forth – to represent real world
situations. Mathematical models should necessarily be incomplete, because they are representations.

Models do not include every aspect of the real world.
Models may be changed or manipulated with relative ease, because model parameters are most often
represented by variables or data sets. While modelling was focused on traditional domains of knowledge
(physics, medicine, chemistry), data modelling itself
is becoming more and more popular, e.g. predictive
maintains or predictive analysis.

6.1.1. Main trends
In the past, one has often concentrated on modelling of individual domains. By using the increasing computing power, however, it becomes possible
to consider and apply comprehensive modelling, i.e.
so-called multi-physics, multi-scale models, data
driven models or combination of these models. In
addition to it, models become parts in more extensive
simulation approaches.
The main trends are multi-physic and multi-scale
modelling, i.e. the combination of micro-, meso- and
macroscopic effects.

6.1.2. Use Cases
Links,
references

Use Case Name

Short description

Where is it used (industrial use)

Modelling and optimization of
e-machines

Material properties, acoustic transfer path,
optimization

Design of e-machines, simulation of
operation properties

Fully hormonic encryption

Manipulation of encrypted data in clouds

New services

[2]

Dynamic system modelling and
simulation

Solution of ODEs, modelling of data driven
problems

Battery technology, complex physical
systems

[3]

Metamodells & surrogate models

Modelling of complex physical phenomena;
system simulation and business processes

Material design, battery design and
life time analysis; Bayesian updating;
machine learning applications

[4]

Models that learn from
experimental data

Development of models based on experimental data, model can not be represented
by a ODE or PDE or algebraic representation

Complex mechanical systems, control
systems, battery discharge procedures

[5]

Acoustic transfer path modelling

Representation of noise propagation and
forcast of noise

Electrical machines, braking systems,
hydraulic motors and systems, power
train design

[6, 7]

Computational material design

Development of new materials and definition
of material functions

Battery materials, functional materials,
lightweight constructions

[8, 9]
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6.1.2.1. Details of the most relevant use cases
Modelling and Optimization of e-machines: Model-based optimization of real-word e-machines
requires to optimize simultaneously many different objective functions, typically 15–25, with respect
to a large number of typically 30–50 design parameters, that primarily describe the geometry of the
e-machine. Such multi-objective optimization problems are usually tackled with evolutionary algorithms
that require a huge number of design evaluations,
typically more than 50.000. The considered objective functions (e.g. material cost, torque, mechanical
strength, temperature) originate from different physical domains and are calculated using models of very
different complexity ranging from linear relations for
material cost over network models up to very detailed
FE models for determining the electromagnetic
behavior of the e-machine. Here, the evaluation of
the FE-based objective functions can take up to several hours. Moreover, the relationship between design
parameters and the different objectives has very different types. It can be linear or mildly nonlinear for
some objectives but also highly nonlinear with many
local optima or even non-smooth for other objectives. For this reason, standard approaches to building surrogate models for these objective functions do
not yield promising results. It is currently unclear if,
for example, Bayesian optimization or similar AI based
techniques can contribute to improving multi-objective optimization (for the aforementioned problem
set-up) in the sense of a significant shorter computational time while achieving the same quality of the
resulting Pareto front.
Another issue that can currently only be addressed
by heavy numbers of design evaluations is robust
optimization, i.e. considering the presence of uncertainty in design variables and model parameters.
There exist methods to describe the effects of uncertain parameters, e.g. uncertainty quantification and
sensitivity analysis, but powerful methods for finding
robust optimal solutions (in the aforementioned problem set-up) are lacking.
A third issue is the modelling of the material properties, because material compositions are used which
are dependent from temperature and loading. These
properties are necessary to model and compute the
noise of the complete e-machine under different
loadings.
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Modelling of acoustic phenomena: Noise and
vibration control is a common goal at consumer
related applications and products. Whether comfort or safety, the fields of application are numerous:
transport, building, civil and engineering. Thereby
damping of vibration is crucial. By dissipating vibrational energy, damping reduces vibration and noise.
The background for this is that many components
exhibit resonant behaviour. The strength of the
deflection of a resonant structure is almost completely determined by the damping. Since the sound
generation follows the deflection proportionally, the
damping determines the sound generation significantly. Passive damping concepts have the greatest
importance in the applications.
The damping of the structure depends on the frequency and can introduce non-linearity (in contacts).
The spatial discretisation of the related equations to
be solved can lead to ill-conditioning and non-symmetric operators. Due to the fine spatial discretization
required, the size of the problem to be solved can be
large and then requires specific skills such as reduced
order or simplified models.
Fully homomorphic encryption, or simply homomorphic encryption, refers to a class of special
encryption. Homomorphic encryption differs from
typical encryption methods in that it allows computation to be performed directly on encrypted data
without requiring access to a secret key. The result of
such a computation remains in encrypted form, and
can at a later point be revealed by the owner of the
secret key.
Cheap cloud computing and cloud storage have
fundamentally changed how businesses and individuals use and manage their data. Traditional encryption methods, such as AES, are extremely fast, and
allow data to be stored conveniently in encrypted
form. However, to perform even simple analytics on
the encrypted data, either the cloud server needs
access to the secret key, which leads to security concerns, or the owner of the data needs to download,
decrypt, and operate on the data locally, which can
be costly and create a logistic challenge. Homomorphic encryption can be used to simplify this scenario
considerably, as the cloud can directly operate on the
encrypted data, and return only the encrypted result
to the owner of the data. More complex application
scenarios can involve multiple parties with private
data that a third party can operate on, and return
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the result to one or more of the participants to be
decrypted.
Dynamical System Modelling and Simulation:
The connection of Taylor maps and polynomial neural networks (PNN) to solve ordinary differential equations (ODEs) numerically can improve the accuracy
and simulation speed. Having the system of ODEs, it
is possible to calculate weights of PNN that simulates
the dynamics of these equations. It is shown that proposed PNN architecture can provide better accuracy
with less computational time in comparison with traditional numerical solvers. Moreover, neural networks
derived from the ODEs can be used for simulation
of system dynamics with different initial conditions,
but without training procedure. On the other hand,
if the equations are unknown, the weights of the
PNN can be ﬁtted in a data-driven way. An alternative approach that can be used also for discrete multi-physic application is the Port-Hamiltonian approach.
Several applications have been investigated in literature, an extension to more general systems and technical applications should be proven in future.
Metamodells & surrogate models: Machine learning models are used to accelerate parts of a simulation, e.g. in the context of multi-scale simulations or
optimization. The integration is often very strong, up
to neural networks containing physical functions or
even simulations. Applications are here:
▪ Multiscale simulations of fiber reinforced plastics,
e.g. for the simulation of thermomechanical damage of housing components.
▪ Accelerated ab-initio molecular dynamics, e.g. to
investigate reactions at boundary layers such as
corrosion.
▪ Acceleration of high order Newton methods in
combination with neural networks that represent
the initial start values.
Models that learn from experimental data: These
models use machine learning together with physical
models to make more robust, accurate and generalizing statements. The integration is rather weak here.
Applications here are:
▪ Processing of sensor signals/time series.
▪ Learning Discrepancy Models: For non-linear systems, however, small modelling errors can lead
to significant deviations from the true, measured
behaviour. Even in mechanical systems, where the

equations are assumed to be well-known, there
are often model discrepancies corresponding to
non-linear friction phenomena, e.g. wind resistance, etc. Discovering models for these discrepancies remains an open challenge for many complex
systems.
Computational material design: It has become
a dominant force in the world of science and technology, e.g. for battery materials or other functional
materials. The intellectual challenges lying ahead to
sustain such a paradigm shift are discussed. Realistic complexity is where most of the progress in materials simulations has taken place in the last 30 years.
Main questions are the identification of material properties such as conductivity, resistance, and hardness
based in mixtures properties and microscopic distributions. Whereas in the past the focus was on experiments, today the materials are determined using
models. Another issue is the modelling and simulation
of material failure because of inhomogeneous material properties and properties on very small scales.

6.1.3. Main Research Challenges
6.1.3.1. The research challenges in modelling are quite
different:
▪ Identification of the most relevant physical phenomena that are needed for industrial design and
application.
▪ Material properties have to be identified and represented by mathematical formulations.
▪ Combination of multi-physical phenomena lead to
inconsistencies in mathematical formulations, e.g.
parabolic and hyperbolic systems of equations in
combination with algebraic constraints.
▪ Modelling of failure phenomena and their validation.
▪ In many cases, only implicit validation of physical values is possible, e.g. material failure or sound
propagation.
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FURTHER REMARKS
▪ Model order reduction techniques for modeling of
macroscopic material behavior:
▪ Generation of numerical data: execution of multiple micromechanical simulations with taking
many snapshots at different time points.
▪ Post-processing of data: extraction of critical
modes (deformation modes, damage modes,
inelastic deformation modes, …) using principal
component analysis.
▪ Exploitation of modes: using these modes to formulate macroscopic material response.
▪ Concepts for machine learning:
▪ Generation of numerical data: execution of multiple micromechanical simulations.
▪ Exploitation of data: training of surrogate model
for macroscopic component scale in offline
phase. Basically one could think of deep material
networks, neural networks, recurrent neural networks, LSTMs, and others.
▪ Trained surrogate models are used in onlinephase to model the macroscopic component.
▪ Mathematical techniques for numerical homogenization in general.
▪ Efficient numerical solvers for large, complex,
three-dimensional microstructures via e.g. Lippmann-Schwinger-equation based solvers, FFT, and
other.
▪ Stochastic algorithms to synthetically generate realistic microstructures based on statistical geometry
values e.g. for fiber reinforced plastics: fiber length,
fiber length distribution, fiber volume content, fiber
orientation, e.g. polycrystalline materials: grain size,
grain orientation, or any other material where the
microstructure plays a crucial role for the macroscopic response.

[11] Caponetto, R., Rizzo, F., Russotti, L., & Xibilia, M.
G. (2019, January). Deep learning algorithm for
predictive maintenance of rotating machines
through the analysis of the orbits shape of the
rotor shaft. In International Conference on Smart
Innovation, Ergonomics and Applied Human Factors (pp. 245-250). Springer, Cham.
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6.2. 
WG-2 Model Order Reduction (MOR)
6.2.1. Main trends
In the last decade, model order reduction (MOR) and
reduced-order modelling have become an indispensable tool for computational sciences and engineering
in research and development. Only through the use of
surrogate models that are fast to evaluate, automated
industrial design processes based on computer-aided
engineering have become possible. MOR is also a key
enabler for control and optimization of dynamical processes. Several techniques have been developed,
often with discipline-specific inside and techniques.
Among the successful technologies, those developed for dynamical control systems and parametric
partial differential equations have seen a particular
fast development in the past decade, leading to first
software solutions and use cases in industrial practice. Given the leading role of European researchers in
this area, major impact by an accelerated technology
transfer of MOR techniques to RDE activities in European industries can be expected, helping to keep a
high innovation level in engineering in Europe.
Main research trends in the area of MOR and
reduced-order modelling are in particular triggered

by the rapid rise of data sciences and artificial intelligence. Major breakthroughs can be expected by a
fusion of physics modelling and enhancing computational models by the vast available data in today’s
digitalized society. Here it will be important to use
available physical and engineering knowledge in particular if the computational (surrogate) models are
used to make predictions which, in engineering, may
have severe consequences. (Compare a wrong decision on a flight manoeuvre of an aircraft to a bad
recommendation which movie to watch next…) Reliability of the predictive power of computational models
relies on (a posteriori) error analysis and estimators to
certify correctness of computations achieved through
reduced-order modelling within acceptable limits. Further research efforts are needed in this area as well
as in treating high-dimensional parameter domains.
[1] h
 ttps://www.youtube.com/watch?v=
86vkjykbHRM
[2] h
 ttps://new.siemens.com/global/en/company/
stories/research-technologies/digitaltwin/
virtual-sensor-opens-a-world-of-efficiencyfor-large-motors.html

6.2.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

Digital/Hybrid Twins

Needed for DT are non-linear,
coupled and parameterized MOR

In all branches of industry there
is a big need for DT

“Model order reduction”, volumes 1,2,3 (De Gruyter, 2020),
result of COST Action EU-MORNET

Physics-inspired AI

Neural networks based on structure-preserving or mimetic MOR
methods

Mainly in simulations and control of physical systems, and in
adaptation of physical models
using sensor data

Dutch NWO-project UNRAVEL

Data analytics

MOR based on data

MOR and data assimilation for
the carbon cycle; real-time optimization of thermal ablation
cancer treatments

ERC Synergy Grant Yvon Maday
et al on “Extreme-scale Mathematically based Computational
Chemistry”

Energy conversion and transport

Port-Hamiltonian based MOR
methods

Digital twins of gas transport
systems
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6.2.2.1. Details of the most relevant use cases
Digital Twin for SPICE – Online Simulation Program
with Integrated Circuit Emphasis
Electronic design automation (EDA) of mobile consumer products (MCPs) requires very fast simulation
tools for their design, in particular for analogue and
mixed signal content (70% of the market). Industry
needs much faster EDA than now. Requests of industry: decrease simulation times for nearly periodic circuits from weeks to minutes, reduce run time for long
transient simulations by orders of magnitude (fast and
scalable methods), deal with the effects of variability
and uncertainty originating from design, manufacturing , layout and parasitics and more. Create fast and
reliable software for simulation, fast transient simulations, structure preserving parameterised model
order reduction, methods for uncertainty quantification and variability, optimization and control, major
effort in parallelisation. The electronics industry has
been extremely stimulating for the developments in
the area of Model Order Reduction. There is a big need
for robust and efficient MOR methods for parameterised and nonlinear systems. MOR can increase the size
of systems simulated by several orders of magnitude. It
also enables the inclusion of parasitic effects, needed
for much more accurate and realistic simulations.
Digital Twins for online health and lifetime monitoring
The work focuses on health status and remaining life
time of complex assets such as bridges, floating wind
turbines, tires and cars, or oil platforms are difficult
to estimate. Online digital twins executed faster than
real time allow a more accurate estimation in these
typically low data situations. The benefit is increase in
lifetime with minimal risk. Needed is automatic generation of online digital twins (manual effort is a bottleneck today) via high throughput computing (e.g.
cloud based HPC ), continuous calibration of real time
models including uncertainty quantification (combination of edge and cloud) and robust methods for life
time estimation. Essential is non-linear model order
reduction, but also real time state and parameter
estimation, real time capable UQ, optimization and
control under uncertainty.
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6.2.3. Main Research Challenges
Most important is bridging the gap between the academic MOR community and applications of MOR to
industrial/societal challenges. Outstanding developments are needed for parameterized systems
(reduced basis methods), coupled systems and
non-linear systems, as well as combinations of these.
Furthermore, MOR methods for port-Hamiltonian systems are extremely important, as well as MOR methods for differential-algebraic systems. Some short,
medium and long term challenges:
1. Proofs of concept:
▪ reduced order modelling (ROM) of parametrized
systems in incompressible computational fluid
dynamics (CFD) problems for large Reynolds
numbers, and FSI problems
▪ data-driven MOR for real industrial applications
▪ MOR methods related to neural networks used
within simulations, also for physics informed NNs
(Karniadakis at Brown, Dutch NWO project)
2. Research and Innovation:
▪ bridging the gap between the vast academic
MOR community and real industrial applications
▪ MOR concepts within HPC simulations
3. Large scale:
▪ use of MOR within digital twinning for industry
▪ ERC Synergy Grant Yvon Maday et al on
“Extreme-scale Mathematicallybased Computational Chemistry”

6.2.4. Requirements
Clearly, the work in WG2 depends very much on
accurate modelling (WG1); if no accurate models are
available, then MOR cannot be successful. Concerning the missions, MOR plays an important role in all
of these. When creating digital twins (WG-M1), efficiency is of the utmost importance, and this can only
be achieved using reduced order modelling. Clearly,
MOR software will be needed within the OpenMSODE
software (WG-M4). The MOR Wiki pages (https://
morwiki.mpi-magdeburg.mpg.de/morwiki/index.
php/Main_Page) already contain a lot of information
about MOR methods, and also some software.
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6.3. WG-3 Simulation
Simulation refers to all computer aided techniques
relying on mathematical methods to predict the
behaviour of physical, biological or economical systems based on fundamental models and the characterisation of real-life governing parameters. It is
equally employed to anticipate the states of various systems, to cover potential risks and to optimise
product performance.

many components have to interact in a framework
which involves different physical domains (mechanical, electrical, thermal, fluid, and so on) and therefore a high number of parameters has to be taken
into account, these detailed numerical simulations are
still too expensive to enable a detailed exploration of
the space of parameters needed for optimization processes and sensitivity analysis.

6.3.1. Main trends

Therefore it becomes a necessity the employment
of strategies based on both Active Subspaces and of
Reduced Order Models (ROMs) as simulations play a
fundamental role in both.

The history of simulations starts in the early 60s,
when they were adopted for obtaining some insights
of scientific phenomena. Then, starting from 1985,
simulations became part of the industrial design process, given their proven utility in designing complex systems and virtually testing components at a
reduced cost.
At the beginning of 2000, simulations started to
be used for supporting each phase of the project of
a product in the Model-Based Systems Engineering
framework.
Nowadays one of the challenges of the Industry
4.0 consists into the creation of smart products and
smart factories, which implement predictive maintenance, performance optimization, virtual sensing,
automatic decision making, etc., and simulation is one
of the key factors for their realization.
In particular the concept of Digital Twins is the natural extension of model-based philosophies across
the complete product life cycle. Digital Twin is a digital replica of a physical product and it is employed
with the aim of predicting, monitoring, and optimizing performance of its physical counterpart. To this
purpose simulations of different nature, together with
data-based methods, are used.
Simulations are also excellent candidates for
responding to other needs of modern industries.
Indeed industries are currently in need of more
refined and optimized designs in order to tackle down
both costs and energy consumption, and, in order to
satisfy these necessities, efficient and accurate simulations and strategies for performing parametric optimization must be investigated.
Since modern products are characterized by a
high level of complexity because of the fact that
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The methodology based on Active Subspaces
properties can be used for identifying possible lower
dimensional structures in the parameter space starting from a set of high fidelity simulations, i.e. reducing the number of parameters that one has to
consider during the design phase without loss of
information.
Reduced-order models are simplified versions of
high-fidelity computational models used to vastly
reduce the time of simulation, in spite of a slight
decrease of the accuracy of the results. They are
generally based on two main steps:
▪ in the first step, the “offline” stage, the space of
parameters is sampled accordingly to a proper
strategy. Accurate simulations for the selected
sets of parameters are run in order to obtain a
global description of the solution manifold. Finally,
Reduced Order Bases are generated starting from
the solutions computed.
▪ in the second step, the "online" stage, the Reduced
Bases obtained at the end of the first step are
employed for simulation using a set of parameters
different from the ones used previously.
The Offline stage is computationally expensive
since a certain number of accurate full order solutions
has to be computed; on the other hand the Online
phase allows fast predictions to be performed in real
time also on edge devices as embedded industrial
computers or smartphones, supporting model-based
control or decision making.
This capability makes the ROMs a key element also
for applications related to the Digital Twins, where
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models of different nature and belonging to different
physical domains are simulated together in real time.
Simulations are also used in the process of creating of a Digital Twin for getting a tight correspondence
between a real system and its digital counterpart by
setting parameter automatically through data assimilation techniques. These techniques are also used for
including new observations, provided by sensors or
data analyses, into the forecast cycle. In this way the
models would improve their predictiviness and benefit
from real life measurements, with positive impact also
on fields such as oceanography and weather forecasts.
Another significant trend in simulation is related to
the Uncertainty Quantification, which allows to evaluate, through the execution of a certain number of
simulations, the likeliness of a certain outcome when
input data are not known in an exact way. This technique could be used, for example, for the estimation
of the influence of the variability of the input parameters on the outcomes of a system and for sensitivity
analysis. Inverse Uncertainty Quantification strategies
can be adopted for bias correction or for the calibration of parameters of a system.
Highly accurate numerical simulations have significant applications not only in the industrial framework,
but also for understanding fundamental phenomena
and, eventually, simulation is becoming a key tool to
design products related to the green energy fields
and to forecast climate changes based on human
activities. Also complex biological systems can be

simulated in order to develop new drugs, protheses, and assist surgeries. The recent breakthroughs
in mathematics and computer science have led to an
exponential growth of the available computational
capability, contributing significantly to efficiency and
scalability of simulations. Therefore more complex
and time-consuming simulation can be performed
and the efficient implementation of accurate numerical methods in HPC workflows is currently a field of
intensive research.
Simulations have a relevant role also when related
to the Artificial Intelligence.
The improvements in computational capability aforementioned and the large amount of data
now available have risen the interest toward Artificial Intelligence based methods, such as Artificial Neural Networks or Machine Learning, which
are used for modelling highly non-linear problems or for cases in which only inputs and outputs are known. Thanks to this capability, the
AI-based methods are opening new fields of applications for the simulations which up to now were
reluctant to adopt them systematically because
of the complexity of modelling through an equation based approaches some specific phenomena.
In addition, accurate simulations of a physical phenomena can also be used in order to integrate training sets used by Artificial Neural Networks algorithm
for cases in which experimental data are lacking or
are insufficient.

6.3.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

Biological systems (Y. Maday,
JF Gerbeau, M. Fernandez)

Cardiac electrophysiology, blood
flows & aneurysm, lung modelling

Medical collaborations

REO Team at INRIA

Energy (C. Van Kruijsdijsk)

Optimize Oil & Gaz Reservoir
exploitation, Develop green energies production, improve operation, maintenance and safety, for
example in chemical plants and
offshore platforms.

Energy companies

https://ercim-news.ercim.
eu/en115/special/2096-digital-twins-as-r-d-accelerators-the-case-for-an-opensource-ecosystem

Finance (D. Fokkema)
Climatology (?)

Finance companies
Predict climate changes based on
human activities

Orientation of public policies

https://www.climateinteractive.org/tools/world-climate-simulation/
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Use Case Name

Short description

Where is it used (industrial use)

Links, references

Industry 4.0 & Digital Twins

Take benefit from a combined use
of Simulation & Real Life Data to
fasten innovation, drive new products and services, and make industry more efficient and human
centric

Most traditional industries
develop new connected services
and production processes (e.g.
automotive & aircraft industry)

Novel commercial products start
to be developed and spread
(ANSYS, ESI, Siemens)

Optimization in naval industry

Creation of efficient pipelines
for shape optimization based on
Reduced Order Models, full order
simulations, and geometric parameterization

Naval industry, but also aeronautic, automotive, and energy
companies

EU-MATH-IN cases of study:
https://www.eu-maths-in.
eu/success-stories/

6.3.3. Details of the most relevant use
cases
Biology/biomedicine - Over the past decades, simulation has been developed for blood floods in arteria
in order to anticipate the resistance of human aneurysm and for cardiac electrophysiology to diagnose
and understand various sources of arrhythmia. More
recently, it has also opened to lung modelling in order
to understand inhaled particle deposition. In all these
cases, the goal is to improve diagnosis, to provide
medical intervention with a deeper understanding
of the patient case and proper support to intervene.
Collaborations are increasingly developing with medical teams, with a clear multi-cultural / multi-competence challenge and a need for continued advances in
modelling biological systems. New trends are oriented
toward the development of human digital twins,
especially in the frame of European Programs.
Industry 4.0 – Modern industry looks after an even
more efficient way to design innovative products and
services, while optimising the adequation between production tools and product performance. This can only
be achieved by combining real life data with pre-existing models that already carry the most up-to-date predictions when it comes to performance and industrial
process. This is best embodied by the concept of Digital Twins that enable i) the virtual co-development of
products and systems, ii) novel digital services to the
consumer along the complete value chain, iii) innovative industrial solutions within Industry 4.0.
Energy – Traditional use is in the optimal exploitation of existing oil & gas reservoirs through porous
media simulation, which is becoming even more
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critical as natural resources diminish. The development of green energies also relies strongly on multi-scale, multi-physics and highly time consuming
computations. It has now become key in the development of technological batteries, including hydrogen fuel cells.
Finally, Digital Twins are implemented to improve
operation, maintenance and safety, for example in
chemical plants and offshore platforms.
Optimisation: Naval industries are currently interested in the implementation of efficient shape optimization workflows with the aim of cutting down the
fuel consumption, by reducing the hydrodynamic ship
resistance, or of improving the seakindness or acoustic comfort.
One of the hot topic in industry is related to the
capability of building an efficient optimization pipeline, composed by several tools, in which simulations
play a fundamental role. Indeed the physical phenomena involved are complex and they are studied
through detailed numerical simulations of the governing equations.
For shape optimization purposes, parameters-dependent geometries have to be obtained: in this way one can
morph the geometry by changing the control parameters.
Unfortunately, for cases of practical interest, the high
number of physical and geometric parameters do not
permit a straight and refined exploration of the space
of the parameters through the employment of accurate
methods because of an unbearable computational cost.
Hence tools based on accurate numerical methods
are used for simulating the turbulent flows in details
for some properly chosen sets of both geometric
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and physical parameters and a high-fidelity solutions
database is collected.
Reduced Order Models can be devised from the
database in order to speed up consistently the solution of parametric partial differential equations with a
slight loss of accuracy.
Finally a global optimization algorithm is performed over the reduced space in order to converge
to the optimal shape by performing multiple simulations of the Reduced Order Model. Efforts in Reduced
Order Models are currently aimed at the improvement
of the treatment of geometric deformations, and at
the implementation of efficient solution strategies for
turbulent flows.
This framework could be employed for the design
of hulls, propellers, bulbos, and so on.
Similar methodology and tools can be applied to
other fields, such as the automotive and aeronautic
ones.

6.3.4. Main Research Challenges
Owing to the complexity of today’s most predictive
models, High Performance Computing has become
a key ingredient. In the case of highly heterogeneous systems though, the robustness and scalability of
current methods must be improved, and mathematical paradigms (reduced modelling, multi-scale analysis) must be further developed to exploit the largest
computations with an ambition to optimize related
systems. This latest statement is especially true
because over the last decades, mathematical methods have outperformed hardware technologies.
In order to gain predictiveness and to benefit from
real life measurements and experiments, the combination of learning methods and first principle models – known as hybrid models – is among the most
promising avenues. This combination of techniques
is made necessary for Business To Business applications where available data remains quite scarce and
a long standing experience has been incorporated
into existing models. The various possible scientific
paths to achieve this goal include control techniques,
reduced modelling and multi-fidelity machine learning. This theme clearly underpins the development of
Digital Twins and remains at an early stage despite a
huge interest and intense communication within the
community.

Many challenges are introduced when simulations
based on Reduced Order Models are adopted in an
industrial framework.
Indeed standard approaches, when applied to
complex geometries of practical interest, have been
shown to work well but only for steady flow fields and
low-dimensionality, but these restrictions are severe.
Moreover when turbulent flows are considered in
the Reduced Order Models contest, one has to deal
with inaccuracies since turbulence is a highly non-linear multi-scale phenomenon and energy dissipation occurs only in the smaller and least energetic
eddies. In Reduced Order Models based on standard
approaches, only the most energetic modes are considered for building the Reduced Model and therefore the small scale dissipation is under resolved
and this leads to non-physical results. Therefore,
new model reduction techniques must be developed
in order to meet the desired degree of accuracy.
In addition, Reduced Order Models can be used
in different applications: in Digital Twin, in conjunction with Artificial Intelligence for optimization and control purposes, for creating or
integrating databases for the training of Artificial Neural Networks or Active Subspace.
All these possibility have to be further developed and
investigated in order to create robust and efficient
methodologies.

6.3.5. Requirements
In order to favour the development of hybrid methods, European programs should favor close collaborations between data oriented (BDVA), scientific
computing and hardware (EuroHPC) initiatives, being
aware that the evolution of methods and points of
view has paid off more than computational power
over the past.
The aforementioned challenges rely on multiple
actors and competences, and a European ecosystem
should be developed to lift Europe to the forefront
of worldwide competition. First, the development of
secured platforms would be a considerable asset to
share data and to enable simulation sharing & coupling between collaborators. It is the occasion to
encourage co-development activities, where Large
companies and SMEs are likely to grow together, and
invent new business opportunities. Secondly, in order
to enable a better circulation of competences,
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private and public status should be adapted to promote mixed career paths. Thirdly, the emergence of
innovative startups will be clearly accelerated by our
collective ability to establish connections between
new business ambitions and advanced research
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in order to develop and spread the most advanced
methods. The EU-MATHS-IN Network already implements such connections, but Europe should definitely sponsor further those practices.
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6.4. WG-4 Optimisation
The goal of mathematical optimization is to find good
solutions to problems, which may stem from mathematics, other disciplines, or applications. An optimization problem (mathematical program) is identified
by its variables, constraints and objective functions.
The latter are represented as equations or inequalities
whose structure can be linear, convex, concave, nonlinear, or non-smooth. The variables can be continuous or discrete.

6.4.1. Main trends
Optimisation has taken advantage of the increasing
computational power of modern machines. This has
motivated researchers to tackle advanced problems
of practical use and to develop new approaches with
better solution quality.
Solving large-scale problems by efficient approaches,
often decomposition approaches, is still a topic of
research. Exact exponential procedures have been
motivated by faster computers and have been
designed, e.g., for classical graph problems, but also
numerous new ideas for (meta)-heuristics have been
published. Often algorithms benefit from exploiting
sparseness as well as from using the specific structure of the input data, e.g., special properties of the
underlying graph. Methods for nonlinear combinatorial

optimization problems are an important research topic,
models with integer variables and PDE constraints are
also an issue. Optimization approaches also get more
and more related with other mathematical fields, e.g.,
statistics, geometry, algebra and have further spread
to applications in engineering, transport, logistics and
others. A trend stemming from practical requirements
has been to integrate a set of different (so far single-standing) problems to one large model. Set optimization, semi-infinite programming, SOS programming,
and semi-definite programming are examples of disciplines further developed. These trends materialize in
the development of new software packages for specific problem types.
Dealing with uncertainties and multiple objectives
are real-world requirements: In robust optimization
we have seen new, less conservative and hence better applicable approaches and algorithms which are
based on the structure of the uncertainty set. Stochastic optimization deals with scenario-tree generation schemes, endogeneous multi-stage problems,
risk-averse measures and different decomposition
approaches. In multi-criteria and vector optimization practically relevant problems can now be solved.
Advanced models such as multi-criteria mixed-integer
optimization, multi-criteria optimization with PDE constraints, and robust multi-criteria optimization have
been relevant topics.

6.4.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

ETGEP

Electricity Transmission / Generation network
capacity Expansion Planning under uncertainty

Energy sector

[1]

MINING

Copper extraction planning under uncertainty

Natural resources exploitation
planning

[2]

FORESTRY

Forest harvesting planning under uncertainty

Natural Resources Exploitation
planning

[3], [4]

Multi-Criteria Optimization in
Radiotherapy Planning

Find a treatment plan with a sufficiently high
dose in the cancerous tissue while simultaneously sparing healthy tissue as much as possible.

Health Sector

[10] – [18]

Reduction of energy consumption in chemical process engineering

Multivariate calibration of physical models
based on real process data allow energy savings of more than 10%

Chemical industry.

Partner: Varian, many clinics

[7], [8], [9]

Applied at BASF, Lonza
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6.4.3. 
Details of the most relevant use
cases
Use case #1. Forest harvesting planning under uncertainty. The problem can be formulated in terms of a
partition of the forest into harvesting units, called
stands. For a chosen time horizon one must determine
which stands will be cut in each period, which roads
need to be constructed to access those stands and
when, and what quantity of wood will be transported
from one point to another. Selling prices of forest
products are a key element in forestry planning, where
price fluctuations have a direct impact on profits from
sales. The role played by randomness in forestry planning is closely related to the length of the chosen time
horizon. Planners who must make tactical decisions
are therefore concerned about price variations during
a time horizon of two to five years. Although the most
relevant source of uncertainty is prices, uncertainty in
tree growth, timber demand and losses due to fires is
also significant. The approach developed in this case
analyzes decision-making under uncertainty in wood
selling prices and demand. It is assumed that they can
be modeled over time by means of a set of scenarios with different associated probabilities. A real problem of harvesting and road building was developed for
the Chilean company Forestal Millalemu enabling the
planner to make robust decisions. In particular, being
able to control risk in early periods is important, as
firms tend to emphasize short term financial results.
In addition to the Risk Neutral (RN) approach, two
risk measures are considered by extending the classical Conditional Value at Risk (CVaR) by controlling the
risk at a modeler-defined subset of intermediate periods (time-inconsistent TCVaR) or at a modeler-defined
subset of scenario groups (time-consistent ECVaR),
with time consistency.
Use case #2: Multi-criteria optimization in radiotherapy planning. With an estimated incidence number of 18.1 million world-wide in 2018, cancer is
one of the most severe health burdens on society
today [10]. Radiotherapy is one of the major therapy concepts for cancer. The challenge is to realize
a sufficiently high dose in the cancerous tissue while
simultaneously sparing healthy tissue as much as
possible. Treatment planning hence is a multi-criteria
optimization problem.
Traditionally, a planner would calculate many candidate treatment plans by manually altering priority
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weights for each clinical goal until a satisfactory treatment plan is found – a very subjective notion. With
multi-criteria optimization it is possible to find a satisfying compromise between the different planning
goals. Major mathematical challenges are to compute sparse discrete sets of representatives of the
underlying Pareto-fronts (up to 12 dimensions) which
allow together with real time navigation a guaranteed approximation of these [14–17]. Clinics using the
resulting tools report a significant reduction of planning time to 20–30 percent of their original efforts.
This new technology has been patented and serves
today as the backbone of Varian’s market leading
treatment planning tool Eclipse® [9].

6.4.4. Main Research Challenges
Challenges in optimization include dealing with artificial intelligence and machine learning. This goes in
both directions: First, optimization procedures for
training neural networks are required, e.g., for pattern
recognition and object classification with risk averse
measures by diminishing the misclassification. Vice
versa, the benefits of machine learning in optimization algorithms should be further exploited. Greybox
models which combine model-based knowledge with
data-based approaches are a promising approach.
Another important challenge is to fix the role of
mathematical optimization under uncertainty in the
more and more frequent equilibrium problems, such
as supply and distribution pricing, energy and other
commodities biding, counterattacks, etc. It is also
desirable to combine robust and stochastic optimization, e.g. robust optimization approaches using
distributional information. Systems of connected
optimization problems as they appear in real-world
problems are a further challenge. The goal is not to
solve each of the problems sequentially but to come
up with algorithms for an integrated solution.
Finding more efficient algorithms, applicable also in
real-time, remains an ongoing challenge. This includes
parallelization approaches, e.g., for integer programming, or the design of parallelizable approximations
and fast heuristics. Approaches for quantum computing for optimization may become important if technical advances on quantum computers continue.
Working towards applicability is maybe the largest challenge concerning the societal impact: Here it
is important to further work on approaches dealing
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with many decision makers, complex uncertainties,
and including microscopic and realistic constraints,
always with a good algorithmic performance. This
is especially important for real-time algorithms controlling vulnerable systems such as energy networks,
or operating on communication or transportation
infrastructures.

6.4.5. Requirements
Practical optimization benefits from good models
since a solution can never be better as the model
used for its computation. Hence, modelling (WG1) is an important issue, in particular for real-world
problems. Simulation (WG-3) is crucial for evaluating solutions, in particular under different scenarios.
The design of black-box algorithms which rely on the
evaluation of the objective function by having a good
simulation also is an issue. Finally, speeding up algorithms through high performance computing (WG6) is an ever important task which has to be tackled
problem-specific in combination between (WG-4) and
(WG-6). The connection to the field of data science
and machine learning (WG-9) is in particular important to develop greybox models using “best of both
worlds” concerning data-based and model-based
knowledge.
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6.5. WG-5 Systems and control
6.5.1. Main trends
Systems and Control deals with dynamical systems
that are externally influenced via inputs (actuation, control) and partially observed through outputs
(sensing, data). These systems originate from all
areas of the engineering and natural sciences, and
beyond. The aim is to shape the dynamical behavior
of the system into a desired one by determining the
inputs at any moment of time, based on the available
information about the system provided by the outputs (feedback action), as well as on the knowledge
about the desired behaviour (feedforward action).
These control strategies are normally operated in
an automatic fashion by controller systems that are
themselves dynamical systems, containing digital
(algorithmic) and physical components (sensors/actuators). The systems point of view also plays an important role in the analysis of complex, interconnected,
systems. The emergent behavior of the complex system is analyzed on the basis of the input-output properties of the system components and the way they
are interconnected.
Modern model-based control starts with a mathematical model of the to-be-controlled system, that is
either based on first principles physical modeling of
the system or on identification by the input and output data, or on a combination of both. Here identification is the process of fitting or estimating the model

based on the measured data (e.g., by linear regression, Kalman filtering, subspace identification). Often
the constructed or identified mathematical model is
incomplete and/or simplified, neglecting non-essential dynamics and containing parameters which are
only partially known. Furthermore, in many cases the
to-be-controlled system will be subject to external
disturbances. Luckily, in many cases the application
of feedback is able to attenuate the influence of the
uncertainty in the model.
Specific branches of model-based control theory include optimal control theory, where the control
strategies are based on the minimization of a dynamic
cost criterion, and robust control theory, where the
performance of the controlled system is optimized
with provable guarantees depending on the range
of uncertainty. In case the uncertainty can be faithfully represented by a stochastic model this leads to
stochastic control theory and control algorithms for
stochastic models with measurements corrupted by
noise. Finally, in adaptive control the parameters of
the controller systems are updated in time ('learned')
by on-line optimization of performance indicators.
Systems and control theory has developed methods for data-driven models and for coping with the
inherent uncertainties of data-driven modelling long
before this approach became fashionable in other
areas. With techniques like iterative learning control [7], (deep) reinforcement learning and various
kinds of complexity and model order reduction techniques [1] it is still at the forefront of this nowadays
booming research area.

6.5.2. Use Cases
Use Case Name

Short description

Where is it used
(industrial use)

High-precision
motion control

Motion control at nano scale

ASML Lithography

Power network modeling
and control

The electricity network is of enormous complexity, which is further increased by the integration of renewables. Challenge is to ensure a safe
operation maintaining power quality (frequency
and voltage regulation). Next challenge is the
integration of the power network with gas and
heat distribution networks.

Links, references

Produces steppers
and scanners for
chip production
All energy suppliers
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Where is it used
(industrial use)

Use Case Name

Short description

Automotive

Advanced motor control for energy efficiency,
also for hybrid and electric vehicles; autonomous
driving

BOSCH

Process control

Control of large-scale chemical reactors with
constraints and nonlinearities

BASF and other
chemical companies

https://www.spire2030.eu/
recoba
https://www.basf.com/at/
de/media/news-releases/2015/03/p-15-172.html

Control of combined
cycle power plants

Advanced control techniques for fast startup of
large gas and steam power plants for increasing
flexibility and energy efficiency

SIEMENS

Project description

6.5.3. 
Details of the most relevant use
cases
Systems and Control Theory provides the foundation
for most of modern automation and control engineering. It thus has manifold applications that are found
in virtually every technical device, but also beyond
engineering in natural and even social sciences, e.g.,
when analysing opinion dynamics. Sophisticated and
novel mathematical techniques are needed for technical applications with particular requirements. A prime
example is the control of large-scale power networks,
which due to the increasing amount of renewable
energy becomes more and more challenging. Here,
for instance, the fact that electrical power is increasingly produced in a decentralized way calls for mathematical methods for analysing large networks of
systems, e.g., in terms of stability and robustness
with respect to external disturbances.
Another example is the control of large power
plant. For instance, gas and steam power plants
are supposed to play a major role for compensating power drops due to temporary unavailability of
renewables. This is due to their higher flexibility, i.e.,
the possibility to turn them on and off quickly, compared to other types of conventional power plants.
However, energy efficient gas and steam power
plants are highly complex devices, for which a fast
startup requires very sophisticated control techniques taking into account infinite dimensional
dynamics, nonlinearities, couplings of many subsystems and various constraints, e.g., for the temperature differences in heat exchangers. Here,
novel predictive control methods, which build on a
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Links, references

mathematical foundation from systems theory and
optimal control, play a major role [4].

6.5.4. Main Research Challenges
Modern engineering systems often exhibit a daunting complexity, due to the integration of many
system components. An example is the power network providing electricity; especially in the recently
emerging operation with many sources of renewable energy, and consumers becoming prosumers.
Integration with other energy systems such as gas
distribution and heat networks even add to the complexity. Other examples of dynamical system complexity include automotive systems, smart cities,
collaborative robots, and chemical production plants.
The control challenges are further increased by growing demands for higher performance, close to the
boundaries of operation. At the same time the available amount of data and computing power has enormously increased. Thus the challenge for systems
and control theory is to come up with reliable control
architectures for complex systems, which take advantage of the availability of cheap sensors and data.
‘Reliable’ here means that strategies not only work
in simulations or experiments on benchmark systems
and data, but that they are provable correct, and
give provable performance under quantified uncertainty. In particular, in order to handle the complexity
robustly, control needs to be designed and implemented in a hierarchical manner, from decentralized
(local), distributed (only taking into account information about ‘neighbouring’ system components), to
centralized (global). This requires new mathematical techniques and/or new ways to combine existing
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techniques, for example, in order to assess robust
stability of networks of systems with an unknown and
varying number of subsystems [6]. Furthermore, it
necessitates novel mathematical approaches to stability analysis of nonlinear systems driven by constant
or periodic input signals. Moreover, in some cases it
may be more efficient to use data in a more direct
way for control (bypassing the explicit construction of a mathematical dynamical model). This model-free or data-driven control [2] has classical roots;
including PID controllers, extremum-seeking controllers, and learning controllers (repetitive control, reinforcement learning, ...). But the currently available
massive amounts of data and the complexity of the
systems to be dealt with necessitate more advanced
mathematical approaches. For instance, the purely
data-driven concept of the Koopman operator offers
a lot of potential [5], but its systems-theoretic properties are so far largely unexplored. The analysis will
require new mathematical insights about the interplay of (linear) operator theory and nonlinear stability
theory. Another challenge is the control of complex
multi-physics systems [3], where first principles modeling, identification, model reduction and distributed
control needs to be combined with advanced numerical and optimization algorithms.

6.5.5. Requirements
WG-5 needs to work closely together with all the
other working groups: WG-1 (modelling for control),
WG-2 (model reduction is often necessary, as well as
sufficient, for control design), WG-3 (simulation is very
important for the analysis as well as validation of control design), WG-4 (optimization is an integral aspect
of control design that has obvious relations with optimal and model predictive control), WG-6 (high-performance computing is mandatory for the analysis
and validation of controlled complex systems; especially if large networks and distributed-parameter
models are involved), WG-7 (inverse problems and

parameter estimation are very much related to identification and filtering as used in Systems and Control),
WG-8 (Uncertainty quantification is close to robustness analysis in control), WG-8 (data science and artificial intelligence are historically closely connected
with systems and control: learning, adaptive and
data-driven control.
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6.6. 
WG-6 High Performance
Computing
6.6.1. Main trends
High Performance Computing (HPC) is geared towards
Exascale, i.e. the race to reach 1018 floating point
operations per second (FLOPS). This enormous compute power will become available before 2025, driven
by the international competition between China, USA,
Japan, and Europe. The unprecedented exponential
increase of performance by roughly a factor of 1,000
per decade has continued for more than half a century, but is now slowing down.
To perform 1018 FLOPS, HPC systems will execute
in a billion-fold (109) concurrency. Despite decades of
research in parallel programming, the design of algorithms and the creation of software well-suited for
such systems remain unresolved challenges. Few algorithms have yet shown scalability into such degrees of
parallelism. Additionally, technology constraints lead
to exceedingly complex system architectures. This

includes deep memory hierarchies with non-uniform
memory access, pipelining, vectorization, and complex
communication networks. All this must be taken into
account when designing new or programming given
algorithms for a specific supercomputer architecture. It
currently becomes apparent that algorithms and application software must be geared towards such complexity in a deliberate co-design effort.
Even if extreme-end applications and systems are
the typical focus of HPC, its scope is much wider. The
paradigm of an utmost efficiency with respect to compute time, memory usage, or energy consumption is
also relevant for GPUs or embedded systems. Hence,
the constraints of HPC systems do not only affect a
few applications that will exploit the largest computers in the world. Rather, all computers in research and
industry will be built from the same components and
with similar architectures. All computing will thus face
similar constraints and challenges. And any progress in
HPC will therefore benefit all engineering applications
that employ numerical or discrete algorithms in simulation, data analytics, or artificial intelligence.

6.6.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

Earth Mantle Convection

Dynamics of the planetary interior

Geophysical exploration, earthquake risk

TerraNeo
https://terraneo.fau.de

Renewable Energies

Simulating and optimizing energy
from renewable resources

Wind turbines, plasma fusion, photovoltaics, etc.

https://www.eocoe.eu

Complex flows

Modeling and simulating multiphase
systems with full geometrical resolution

Liquid-solid or liquid-gas suspensions e.g. in bio-medical fluids, for
clean chemical processing, material
design, civil engineering, etc.

https://www.walberla.net

Phase change materials

Simulation and optimization of
materials that use latent heat for
storing thermal energy

Energy efficient devices and buildings

https://tel.archivesouvertes.fr/tel-02349536

6.6.3. Details of the most relevant use cases
Earth Mantle Convection. Mantle convection is a
vital component of the Earth system. Immense forces
are at work in mantle convection cells: continuously
reshaping Earth’s surface, the mantle provides the
enormous driving forces necessary to support large
scale horizontal motion, in the form of plate tectonics
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and associated earthquake and mountain building
activity. The project TerraNeo is an ambitious project to construct a next generation mantle circulation
model. A central goal of TerraNeo was to demonstrate that it is possible to solve linear systems with a
trillion (1012) degrees of freedom with modern parallel
algorithms. Only with such a solver it becomes possible to compute the dynamics of the Earth Mantle
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with a mesh that resolves the planet's volume with a
resolution of about 1km. That this is not a trivial problem can be understood when considering the energy
cost of computing. For the argument here, we may
assume that executing a floating point operation
(FLOP) costs 1 nJ. In consequence, executing 1024
FLOP would consume 277 GWh. This simple argument
shows that for problems with 1012 DoF it is impossible
to use algorithms of quadratic or worse complexity.
Additionally it is e.g. crucial to develop novel matrixfree methods and to develop other innovations within
a carefully designed software, optimized for best possible parallel efficiency.
Complex flows. Flow phenomena are ubiquitous in
technology and nature and thus have been a research
topic in HPC for decades. With extreme scale power,
it will become increasingly feasible to resolve complex
multiphase behavior by a direct numerical simulation
or by mesoscopic approaches. This is essential when
the shape of particles is nontrivial, as, e.g. the individual cells in blood flow. Here a full resolution may be
necessary to model, simulate, and understand, and
optimize, e.g. modern lab-on-a-chip systems, where
a complex diagnostic process may be built directly
into a low-cost semiconductor-based device. Similar capabilities may be employed to develop cleaner
energy conversion, e.g. by designing better particle filters. Clearly, when large ensembles of particles
must be resolved in the flow even with their individual
geometric shape, this induces the need for enormous
compute power for executing highly optimized parallel algorithms.

6.6.4. Main Research Challenges
Emerging large-scale computers are highly heterogeneous, and they will likely be based on low-power
processors combined with accelerators such as GPUs
or FPGAs. Essential research directions are towards
exploiting heterogeneity and massive parallelism for
reaching better scalability as well as reducing synchrony and communication. With data transfer being
more expensive than computation, in terms of both

compute time and energy consumption, and with the
latter having been identified as a fundamental bottleneck for HPC, data-local and communication-avoiding
algorithms will gain in importance.
Even more fundamental is the need to quantify
the cost or, better, the cost-benefit ratio of computing. Simply counting FLOPS correlates poorly
with the relevant cost factors, such as energy consumption and time-to-solution. On a technical side
this leads to the question of developing a systematic
performance engineering methodology that includes
analytic a-priori performance models as well as systematic performance measurements. These must
eventually lead to the design of novel algorithms
with improved real-life efficiency or to transformations of algorithms and data structures that lead to
more efficient computing.
Many HPC architectures feature lower precision of
floating point arithmetics which allows to decrease
the cost of computation as well as communication.
Thus it is important to design algorithms that are able
to exploit mixed precision, i.e. multiple levels of precision of floating point arithmetics, while also ensuring
that the required accuracy is attained even if some of
the intermediate results are computed with less accuracy. Randomization is another promising technique
that allows to decrease the arithmetic and communication cost of some fundamental algorithms while
providing the correct answer with high probability.
Solving problems in high dimensions is becoming
an increasingly important topic. These problems arise
from e.g. solving high-dimensional parametric PDEs,
quantum chemistry, multi-fidelity approaches, or
machine learning. Dealing with the curse of dimensionality remains a challenge today, and exploiting
sparsity in the data is essential for dealing with large
volumes of data.
Similarly, very large HPC systems may be subject
to faults occurring more frequently. Hence, systems
and algorithms must be designed to support fault-tolerance and resilience, again spawning new research
fields in mathematics and algorithm design.
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6.7. 
WG-7 Inverse problems and
parameter estimation
The research area of Inverse Problems is concerned
with the task of identifying an unknown quantity from
observed indirect measurements. Roughly speaking, measurements are taken, e.g., by performing an
experiment, and the task is to recover the underlying cause of the observations. Closely related is the
task of Parameter estimation, where usually a parametrized model of a process is available,e.g., a partial differential equation (pde), and the task is to
identify a parameter in the pde from suitable measurements. A prominent example for an inverse problem is Computerized Tomography (CT): When X-rays
pass through an object, then the observed damping

of the intensity is related to the density of the object.
Reconstructing the density distribution of the object
requires the solution of an inverse problem. In a first
step, the relation between the cause and the measurements is modelled. For CT with parallel beam
geometry, the appropriate model is the Radon transform, and solving the inverse problem reduces to the
inversion of the Radon transform. However, in many
applications a solution might either not exist or, if it
does, it may not be unique. An additional difficulty
lies in the often inherent instability of the inversion
process: Small changes in the data (caused, e.g., by
measurement noise) may result in large deviations in
the reconstruction. A suitable remedy for the instability are Regularization methods, which have been
extensively studied in the last decades [31].

6.7.1. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

CT

Computerized Tomography

Medical Imaging, Material Science

[17]

EIT

Electrical Impedance Tomography

Medical Imaging, Material Science

[10], [12, 13], [10, 16]

AO

Adaptive Optics

Astronomy, Opthalmology

[21, 22], [5, 6,17], [9, 14, 20], [7, 15]

SI

Seismic Imaging

Geology

[28, 30], [4, 8], [1, 2, 3, 11, 18, 24,
25, 26], [29], [27]

UsI

Ultrasound Imaging

Medical Imaging

[19, 23]

6.7.2. Details of the most relevant use cases
Use case Computerized Tomography. CT is probably the most prominent and best investigated Inverse
Problem. For a parallel geometry (X-rays travel along
parallel lines), the underlying mathematical model
is the Radon Transform, for which an explicit inversion formula exists. However, the Radon transform is
ill-posed and therefore the inversion formula cannot
simply be applied to actual measurements. A popular
and stable inversion method is the Filtered Backprojection algorithm, where the measurements are first
preprocessed before the inversion formula is applied.
More recently, iterative methods have been used, as
they allow a high quality inversion also for low dose
X-ray sources. Besides CT with parallel geometry,
other measuring geometries have been established,
e.g., Cone Beam CT. Related to CT is Single Photon
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Emission Computed Tomography (SPECT), where the
source of the radiation is placed inside the body.
A comprehensive overview of the mathematics of CT
can be found in the seminal book by Natterer [17].
Use case Electrical Impedance Tomography.
Electrical impedance tomography (EIT) is a technology that aims at reconstructing the spatially varying electrical conductivity distribution in a body from
electrostatic measurements of voltages and the corresponding current fluxes on the surface of the body.
The quantitative and structural information acquired
about the conductivity of the body is valuable for
both medical and industrial applications. For example,
EIT shows great promise for bed side lung monitoring [10] and for non-destructive testing of concrete
[12,13]. Furthermore, in examples of EIT for the detection of breast cancer it has the potential to become
a safe and low-cost alternative to conventional
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Computerized Tomography. Other applications of EIT
include pulmonary and cardiac imaging, monitoring of
brain functions for medicine, non-destructive testing
and process tomography in industry. A comprehensive survey of applications can be found for example
in [10,16] and the references therein.

are consequences of the heterogeneity of the Earth’s
structure – the traveltimes from source to receiver
and other aspects can be used to calculate models of
the velocity field. The latter allow geologists conclusions on the material in different layers or segments
of the Earth.

Use Case Adaptive Optics. The image quality of
ground based astronomical telescopes suffers from
turbulences in the atmosphere. Adaptive Optics (AO)
systems [21,22] use wavefront sensor measurements
of incoming light from guide stars (natural stars in the
vicinity of the observed object or spots of light-emitting sodium ions excited by strong lasers) to determine an optimal shape of Deformable Mirrors (DMs)
such that the image of the object is corrected after
reflection on the DMs. This involves several inverse
problems related to wavefront reconstruction, atmospheric tomography and mirror control [5,6,17]. With
the advent of Extremely Large Telescopes featuring main mirrors of thirty and more meters in diameter, the need for new fast mathematical algorithms
for the solution of the different sub-problems became
apparent in order to achieve reconstructions with sufficient quality in the available timeframe of 0.3 to 2
ms. Hence, in collaboration with the European Southern Observatory (ESO) several new approaches for
atmospheric tomography, as well as for wavefront
reconstruction for the Shack-Hartmann and the pyramid wavefront sensor were developed recently and
successfully tested and compared to established
methods like Matrix-Vector-Methods (MVM).

From the scientific point of the view (due to different governing equations and different data situations),
local seismic tomography has to be distinguished
from its counterpart on global or regional scale. The
former is used in the search for rare resources and
for possible locations of geothermal energy plants.
Recent research suggests that full waveform inversion could be the most promising approach for this
problem, see e.g. [28, 30].

Adaptive Optics also has applications in medical
imaging, in particular in Ophthalmology, where one is
concerned with the diagnosis and treatment of disorders in the eye. For example, high resolution retinal
imaging is prevented by aberrations in the imaging instrument, caused by the temporal and spatial
change of the media. The development of adaptive
optics has partially solved this issue, providing diffraction limited performance over the corrected field
of view [9, 14, 20]. This has allowed to uncover the
microscopic structures of the eye in-vivo and in a
non-invasive way, which was previously only possible
ex-vivo with histology [7, 15].
Use Case Seismic Tomography. The basic principle of seismic tomography is to reveal the structures inside the Earth from observed seismograms.
Since seismic waves migrate along different paths and
propagate with spatially varying velocities – and both

Seismic tomography on global and regional scale
is particularly challenging due to the large dimensions which occur in the simulations and calculations.
It is, however, very important, because this approach
is the only reasonable way to find out more about
the processes in the Earth’s interior, the structure
of the Earth in the past, and the origin of hazards
such as earthquakes or vulcanism. Often, traveltimes are used as data, but also here full waveforms
are inverted sometimes (see e.g. [4, 8]). A particular difficulty is the extremely scattered nature of the
data: the data covering ranges from extremely dense
to areas with almost no data. This is caused by the
non-uniform distribution of seismic stations and the
natural accumulation of earthquakes along tectonic
faults. Many established methods reach their limits
due to this situation. As a consequence, many deeper
parts of the Earth have not sufficiently been resolved
so far, because differing models can be obtained with
existing approaches. It will be important to focus on
further theoretical investigations of the underlying
mathematical equations, but also on the development of better numerical regularization methods. One
promising direction could be to use systems of localized basis functions, as it was done, e.g., in [1, 2, 3,
11, 18, 24, 25, 26].
Seismic traveltime tomography is also interesting
from a transdisciplinary point of view, because it is
has a strong mathematical relation to ocean acoustic
tomography, see e.g. [29], and to ultrasound tomography in medical imaging, see e.g. [27].
Use Case Ultrasound Imaging [19, 23]. Recent
ultrasound experiments have realized ultrafast measurement techniques, which rely on novel beamforming
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and image acquisition. These techniques are considered to form a next generation of medical ultrasound
devices, which allow for visualization of processes of
highest temporal resolution. The imaging itself requires
efficient numerical implementation of novel inverse
problems techniques.

6.7.3. Main Research Challenges
The research area of Inverse Problems faces the following challenges:
Growth of the complexity of models and the
related simulations The basis of the theory of Inverse
Problems is the availability of a sufficiently accurate
mathematical model of the process that connects the
underlying ground truth and the measured data. In
many applications, the modeling process results in a
highly complex system. This complicates the (mathematical) analysis of the underlying systems as well
as their numerical simulation and inversion. Fast and
accurate solvers need to be developed which might
reconstruct iteratively or are based on specifically
developed inversion formulas for the specific problem. Popular iterative methods rely on a frequent
evaluation of the forward problem and its adjoint (or,
in case of nonlinear problems, the Frechet derivative
and its adjoint). Thus, the simulation has to be done
sufficiently fast and accurate. Off-the-shelf (commercial) solvers are often not sufficient, and thus adapted
algorithms and software have to be developed. Specific problems might need tp take advantage of HPC
systems.
Large data sets Over the last decade, measuring devices for different applications have been significantly improved. For example, the standard image
resolution of a medical CT scanner has been for
many years about 512 x 512 pixels. The development
of smaller detectors now allows resolutions of up to
2048 x 2048 pixels. This larger resolution requires the
inversion of a larger data set ( from 512^2 data points
to 2048^2 data points), which has to be inverted
in about the same amount of time as before. The
required speed-up of the inversion comes only partly
from improved hardware but mostly from improved
algorithms. The situation is even more dramatic for
the Adaptive Optics systems of the Extremely Large
Telescopes currently under construction. In those
systems, wavefront data are collected and require
inversion within milliseconds. Additionally, the huge
datasets (up to 1 Terrabyte per night) have to be
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post-processed on a daily basis. Besides the challenges with regards to the inversion, there are additional challenges in storing and assessing the data.
To summarize, the development of methods to
invert big data sets will be a challenge to the scientific
area. Again, specific, problem adapted forward solvers for the underlying complex models are needed as
well as strategies for handling the large data sets.
Robustness, error estimates, and uncertainty
quantification The accuracy of models, simulations
and reconstructions as well as their dependence on
inaccurately known parameters have to be evaluated.
This requires the development of error estimators for
forward solvers and estimates for model errors, which
is in particular challenging for highly complex models and the related solvers. On the other hand, the
reconstruction of the underlying ground truth from
noisy (potentially large) data sets requires application-adapted error bounds, either in a deterministic or
a stochastic setting.
Learning Theory and Inverse Problems The solution of Inverse Problems depends on the existence
of a reliable mathematical model, which might be
derived, e.g., based on physical considerations. There
are, however, cases were such a model does not exist,
but instead abundant data sets that connect potential
measurements and ground truth are available. Therefore, a forward model can be learned using appropriate methods from learning theory and inversion may
be carried out by using the learned model. Quantifying the related reconstruction errors requires the
development of new error estimators. Additionally,
the numerical realization requires the development of
efficient algorithms. An interesting alternative is the
development of hybrid methods for cases where an
underlying mathematical model is known analytically
but certain unknown parameters have to be learned.

6.7.4. Requirements
To achieve the described research goals, WG-7 needs
to cooperate with most of the other groups: WG-1
(Modelling) is a basic requirement for WG-7, as the
inversion processes will mostly rely on a reliable forward model. For specific applications, the developed models might be to complex for the inversion
process, and therefore techniques from Model order
reduction (WG-2) have to be used. Simulation (WG‑3)
is needed as the inversion process is often based
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(e.g., for iterative methods) on the reliable numerical evaluation of the forward model. Frequently used
variational regularization techniques depend on efficient optimization techniques (WG-4), and the overall
computation of a solution might need HPC methods
(WG-8). The computation of error estimates for the
computed solution is closely related to uncertainty
quantification (WG-8), whereas forward models that
rely on learning will use approaches from WG-9 (Data
Science and Artificial Intelligence).
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6.8. 
WG-8 Uncertainty Quantification

mathematical physics as well as high performance computing.

Computational simulations based on mathematical models have been used for analysis and prediction for phenomena in science and technology since
the 1950s. Until recently, we have lacked the mathematical, algorithmic and computational resources to
assess the myriad uncertainties associated with such
computations, as crucial as such assessments may
be for purposes of, e.g., decision support. The developing Uncertainty Quantification (UQ) community at
the interface of computational mathematics, numerical analysis, probability theory and statistics as well
as science and engineering disciplines in the past 20
years has made great strides in successfully meeting
these challenges.

Uncertainty in computational models of the physical sciences initially led to the investigation of differential equations with random data, proceeding from
model problems to increasingly sophisticated and
complex PDE systems. Besides theoretical analysis,
existing methods from high-dimensional and nonlinear approximation theory were refined and adapted to
specific UQ tasks, and new and more powerful computational techniques such as the Multilevel Monte
Carlo method, high dimensional Quasi Monte Carlo
cubatures or high dimensional sparse polynomial
approximation techniques have significantly advanced
the state of the art. Current directions include the
development of techniques based on high-dimensional Gaussian Process regression, kernel approximations and, more generally, techniques coming from the
machine learning community for specific UQ tasks.

6.8.1. Main trends
Growing demand for quantitative predictive capability in science and engineering brought on not only by
grand challenges such as climate change, biomedical engineering, the design of new materials or the
evaluation of ageing civil infrastructure, but also the
demands of routine design and manufacturing, has
made the reliance on model-based computer simulation ubiquitous. The past two decades have seen
the formation of Uncertainty Quantification (UQ)
into a systematic scientific endeavor for understanding, analysing and quantifying the different sources of
uncertainty in computational science.
A significant initial trend has been a coming together
of existing disciplines previously concerned with
aspects of UQ. In the mathematical sciences this comprises statistics, numerical analysis, probability theory,

In addition to the propagation of uncertainty from
data to quantities of interest, the Bayesian formulation of inverse problems as a framework for merging
observations with models, particularly in combination with the computational potential of Markov Chain
Monte Carlo techniques, has enabled rigorous UQ for
indirectly observed phenomena. For extremely computationally demanding tasks such as weather prediction, established methods of data assimilation have
also greatly benefited from research advances in the
UQ community. These topics continue to attract a
lot of attention in the UQ community. A further current trend is the application of recently developed UQ
methodologies to challenging problems in other fields
of applied mathematics such as optimization, control
theory and dynamical systems.

6.8.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

Safety

Assessing the safety of infrastructure
and processes

civil engineering; nuclear waste disposal; environmental regulation

[3], [4], [5], [6]

Robust design

Designing for robustness in the face of
uncertain conditions

manufacturing; finance; management

[1], [2], [5]

Subsurface
modeling

Infer subsurface properties from indirect measurements

hydrocarbon and mineral exploration; groundwater safety, contaminant assessment

[15]

Data assimilation

Estimate complex states from measurements

weather and climate modeling; optimal control

[7], [8], [9], [10], [16], [17]

Finance

Risk assessment for financial products

banking, investment, insurance

[11], [12], [13], [14]
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6.8.3. 
Details of the most relevant use
cases
Subsurface modelling: Subsurface environments
host natural resources which are critical to the needs
of society and to its development. The diversity of
problems encountered in subsurface modelling naturally calls for multi-disciplinary research efforts, with
contributions from a wide range of fields including
mathematics, hydrology, geology, physics and biogeochemistry. Complex mathematical models and numerical techniques are then often required to tackle the
simulation of coupled processes which are ubiquitous
in relevant applications. In this context, our knowledge of the structure and properties of subsurface
porous media is of critical importance to parameterise these models, but yet is incomplete, the first and
simple reason being that the subsurface itself is not
easily accessible to direct observation. Estimation of
input parameters is then plagued by uncertainty and
so are consequently target output variables. Designing
effective numerical methods dealing with uncertainties becomes crucial in every phase of the workflow,
from the solution of inverse problems for the identification of the flow and transport properties to the forward propagation of the uncertainties, the sensitivity
analysis and the design of management policies.
Data Assimilation: Data assimilation (DA) epitomizes the distinguishing feature of UQ as bringing together advanced modelling capabilities built
on decades, or even centuries, of human knowledge
as required for weather or climate simulation, ocean
modelling or oil recovery with voluminous observational data to strike a balance between model prediction, data and the uncertainty associated with each.
Techniques that grew out of the control-theoretic
viewpoint include probabilistic smoothing and filtering
methods, while modern variational approaches such
as 3DVAR and 4DVAR dominate the current practice
in the atmospheric sciences. Significant progress in
their analysis and refinement have been carried out in
the UQ community.

6.8.4. 
Main Research Challenges
Uncertain data for physical models such as coefficients,
boundary or source data or even domain shapes are
often inherently infinite-dimensional and, when modeled probabilistically, lead immediately to random
objects depending on a countably infinite number of
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parameters. Calculations involving such objects are
therefore strongly dependent on computational methods for high-dimensional approximation which can
overcome the curse of dimensionality. This research
has also recently been applied to the analysis of deep
neural networks. The same is true for recent theoretical developments on Gaussian process regression, statistical approximation and probabilistic numerics.
A central research challenge in the years to come
is the application of approximation and solution methods for random differential equations to increasingly
complex science and engineering problems involving
time dependence, chaotic behavior, nonlinearity and
non-Gaussian distributions. This requires both theoretical analysis of existence, uniqueness, and regularity as well as advances in computational methods
including adaptive error control and scalable algorithms and their HPC implementation.
A further central research challenge lies in the
analysis and computational solution of Bayesian
inverse problems. On the theoretical side, fundamental questions regarding posterior consistency
and contraction, and Bernstein-von-Mises theorems
for challenging PDE problems. On the computational
side, methods for reducing the complexity of the general but for high-dimensional problems often infeasible MCMC method are sorely needed. This includes
research on optimal transport maps, sampling techniques, particle methods, ensemble methods. Many
of the recently proposed promising algorithms still
require a thorough analysis regarding performance,
scalability and robustness.
The topics of optimization under uncertainty,
robust design and optimal experimental design (such
as optimal sensor placing) has also gained increasing interest in the last few years. Here, the main
challenges lie in the mathematical formulation and
theoretical analysis of the robust optimization problem for complex applications governed by sets of
partial differential equations, as well as the efficient and computationally affordable combination of
numerical optimization strategies with uncertainty
quantification techniques.

6.8.5. 
Requirements
As an inherently interdisciplinary research activity,
UQ benefits from progress in many different mathematical fields. As models are the point of departure for UQ, close cooperation with modelers (WG-1),
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particularly in connection with recently developed
UQ methods relying on multi-fidelity approximations,
will prove essential. Progress in model order reduction methods (WG-2) will make available more efficient surrogate models for sampling, particularly in
MCMC computations, but also for generating multi-fidelity and multilevel approximations. Integration
of UQ capabilities into optimization methods and formulations (WG-4) will require progress in including
chance constraints, risk measures and uncertain data
into objectives, as well as collaboration with experts
in stochastic optimization and probabilistic design.
Systems and control (WG-5) pose a challenging
advanced application to which existing UQ methods
need to be adapted. High-performance computing
(WG-6) is essential to carry the enormous computational burden associated with many UQ methodologies. As inverse problems (WG-7) currently constitute
one of the main areas of emphasis of the UQ community, the incorporation of uncertainty aspects into
classical regularization-type approaches, besides the
Bayesian setting, will necessitate joint efforts with the
inverse problems community. Many UQ techniques
are closely related to statistical learning methods,
and since the level of mathematical analysis there is
often more developed, the Data Science and Artificial Intelligence community (WG-9) provides an excellent source of research challenges, in particular in the
analysis of robustness and safety of AI-based systems. Reliable, flexible, easily extensible and widely
applicable software packages for common UQ tasks
are crucial for the adoption of UQ methodology in
applied fields. Hence the OpenMSODE software initiative (WG-M4) is an excellent opportunity to support
new or existing UQ software developments such as
UQLab (ETH Zürich), Dakota (Sandia) or WIAS-ALEA
(WIAS Berlin).
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6.9. 
WG-9 Data Science and
Artificial Intelligence
6.9.1. Main trends
Machine learning (ML) techniques developed in the
fields of data science and artificial intelligence have
seen an impressive growth in the last decades. Such
methods learn to perform certain task by using training data; for instance, in spam filtering multiple previously categorized emails are used to learn an
algorithm that predicts emails’ classes. Conventional
approaches use training data formed by multiple
examples that resemble those present at prediction,
and performance is measured in terms related to prediction accuracy (e.g., mean-squared error and probability of false positive/negative).
The broad current application of ML techniques
in practice is manifesting the need to significantly

expand the concepts of training data and performance. Modern applications of ML are developed in
scenarios where data is scarce and defective, while
algorithms need to ensure fairness, privacy, timeliness, and explainability. Training data often comes
from different domains, is poorly-labelled or outdated, reproduces human biases, and is adversarially
modified. Fairness requires that algorithms’ accuracy
does not vary among social groups, and also that
algorithms’ operation is explainable and justifiable;
privacy requires that algorithms do not reveal individuals’ sensitive information; and timeliness requires
algorithms that provide outputs early enough to enable effective decision making. New ML methodologies are currently being developed for such critical
situations under paradigms such as domain adaptation, transfer learning, concept drift, weak learning,
crowd learning, ML fairness, early classification, privacy preserving ML, and adversarial ML.

6.9.2. Use Cases
Use Case Name

Short description

Where is it used
(industrial use)

Predictive
maintenance

Data time series are used to predict
equipment’s failures in industry. Algorithms are required to detect failures
accurately but also as early as possible.

Semiconductor manufacturing. Computer
numerical control of
machine tools.

Links, references
Susto, G. A., Schirru, A., Pampuri, S.,
McLoone, S., & Beghi, A. (2014). Machine
learning for predictive maintenance: A
multiple classifier approach. IEEE Transactions on Industrial Informatics, 11(3),
812-820.
Luo, B., Wang, H., Liu, H., Li, B., &
Peng, F. (2018). Early fault detection of
machine tools based on deep learning
and dynamic identification. IEEE Transactions on Industrial Electronics, 66(1),
509-518.

Crowd-learning

Numerous non-experts in a marketplace
provide training data that feed a ML
system. Algorithms are required to use
heterogeneous and possibly defective
training samples.

Crowdsourcing. Augmentation of data collection and analysis.
Image processing.

https://www.mturk.com/
https://toloka.yandex.com
Crammer, K.; Kearns, M.; and Wortman,
J. 2006. Learning from data of variable
quality. In Advances in Neural Information Processing Systems, 219–226.
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Use Case Name

Short description

Financial credit /
job application scoring

Historical data is used to rank individuals
for loan or job applications. Algorithms
are required to ignore human biases in
training data and fairly rank individuals without regard to their social group
(e.g., ethnicity, and gender).

Where is it used
(industrial use)
Banking. Loan applications. Insurance. Hiring
processes. Job performance assessments.

Links, references
Hutchinson, B., & Mitchell, M. (2019,
January). 50 Years of Test (Un) fairness:
Lessons for Machine Learning. In Proceedings of the Conference on Fairness,
Accountability, and Transparency (pp.
49-58). ACM.
Thomas, P. S., da Silva, B. C., Barto, A.
G., Giguere, S., Brun, Y., & Brunskill, E.
(2019). Preventing undesirable behavior of intelligent machines. Science,
366(6468), 999-1004.

Digital advertisement

Secure/private learning

Historical preferences are used to show
advertisements to potentially interested
online users. Algorithms are required
to use data corresponding to different
domains (previous advertisement campaigns and users).

Internet advertising.
Online recommendation
systems.

ML systems that are robust against malicious attacks. Algorithms are required to
preserve sensitive information in training data and to be immune to adversarial examples.

Cybersecurity. Medical records’ analysis.
Anonymization of web
search histories.

Aggarwal, K., Yadav, P., & Selvaraj, K. S.
(2018). Domain Adaptation in Display
Advertising: An Application for Partner
Cold-Start. Association for Computing
Machinery.
Mansour, Y.; Mohri, M.; and Rostamizadeh, A. 2009. Domain adaptation with
multiple sources. In Advances in Neural
Information Processing Systems, 1041–
1048.
Ding, D., Han, Q. L., Xiang, Y., Ge, X., &
Zhang, X. M. (2018). A survey on security control and attack detection for
industrial cyber-physical systems. Neurocomputing, 275, 1674-1683.
Kamalika Chaudhuri, Claire Monteleoni,
and Anand D.Sarwate (2011). Differentially private Empirical Risk Minimization.
Journal of Machine Learning Research.

6.9.3. 
Details of the most relevant use
cases
Sensory data is widely used in Industry in order to
detect failures and enhance maintenance of manufacturing processes. Such problems can be addressed
by ML techniques that carefully address temporal
aspects. In particular, algorithms’ inputs are multivariate time series, and algorithms’ outputs are required
to be provided as early as possible. The former aspect
requires to use specific notions of similarity designed
for times series such as dynamic time-warping distances, while the latter requires to use specific prediction methods that adequately handle accuracy
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versus timeliness trade-offs such as ensemble and
multi-objective techniques.
Data scarcity in numerous online applications can
be alleviated by using crowdsourcing for data augmentation and domain adaptation for data reuse.
Such problems can be addressed by ML techniques
that can utilize general training data. In particular,
algorithms that go beyond empirical risk minimization approaches, and model the relationship between
examples at training and prediction stages. Such
requirements can be addressed by using robust or
weighted risk minimization approaches together with
a data representation that allows for adequate transfer learning.
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6.9.4. Main research challenges
Conventional algorithms were developed to optimize
accuracy or probability of error assuming examples at
prediction will resemble those observed at training.
Modern applications of ML need to go beyond such
assumptions and accommodate for general types of
training data and performance metrics. These emerging requirements put forward multiple mathematical
research challenges that include novel learning methodologies that generalize empirical risk minimization.
Such novel techniques need to adequately model
general training examples that can come from a different domain or task as well as being heterogeneous, defective, biased, and adversarial. In addition,
novel optimization formulations and methods need
to be developed in order to ensure fairness, privacy,
timeliness, and explainability.

The multitude of emerging scenarios and performance metrics also demands new processing frameworks that can deal with multiple types of training
data and performance requirements in a unified
manner. Finally, existing theoretical results that provide generalization bounds and performance guarantees need to be generalized to deal with broader data
assumptions and performance metrics.

6.9.5. Requirements
The main research challenges outlined above can
be achieved by leveraging results obtained in different fields of Mathematics. In particular, new optimization techniques (WG-4) that go beyond empirical risk
minimization can enable to use general performance
metrics and training data, while novel uncertainty quantification methods (WG-8) can enable to effectively use
defective, biased, and adversarial training data.
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6.10. WG-C1 Digital Twins
6.10.1. Main trends
New production methods, miniaturization of electronics, novel sensor technologies, the internet of things
(IoT), and last but not least digitization have led to an
explosion of complexity of today’s products, assets,
factories, plants, and infrastructures. To manage the
complexity in view of global trends such as mass customization or environmental issues, requires novel
paradigms. A relatively recent new paradigm is the
concept of Digital Twins [1, 6, 7] that has been considered so important to business, that it was named
three years in a row among Gartner’s Top 10 Strategic Technology Trends [3, 4, 5] and are expected to
become a business imperative [2].
A Digital Twin consistently integrates all data (test,
operation data,...), models (design drawings, engineering models, analyses,...), and other information

(requirements, orders, inspections, ...) of a physical asset generated along its life cycle to leverage
business opportunities. The role of the Digital Twin
is to predict and optimize performance. To this purpose, mathematical models, simulation and optimization techniques combined with model / or data-based
methods are used. In particular a combination of
data-based and model-based methods will be key for
their success enabling an always in-sync digital twin
of the real asset.
The concept of Digital Twins is not new but the
natural extension of model-based philosophies such
as model-based engineering across the complete life
cycle. However, with the exponential advancement
of a number of key technologies, such as computing hardware, mathematical algorithms, knowledge
graphs, semantic technologies, as well as augmented
and virtual reality device, we are entering a new era.
Use cases and applications considered to be impossible, can be realized now [8].

6.10.2. Use Cases
Use Case Name

Short description

Where is it used (industrial use)

Links, references

Real-time monitoring
and diagnostics |
Virtual Sensors

Online-simulation parallel to
operation of assets allows e.g.
for virtual sensors providing
information not accessible by
real sensors

More informed operation decisions; Risk assessment; Rootcause analysis

https://youtu.be/86vkjykbHRM

Model-based control

(Control) decisions based on
predictive engineering models
evaluating different alternatives
(manually or autonomously)

Model-predictive controllers;
Evaluation of different what-if
scenarios

https://new.siemens.com/us/en/
markets/water-industry

https://new.siemens.com/
global/en/company/stories/
research-technologies/digitaltwin/
virtual-sensor-opens-a-world-ofefficiency-for-large-motors.html

https://new.siemens.com/
global/en/company/stories/
research-technologies/digitaltwin/
the-future-of-manufacturing-milling-robots.html,
https://new.siemens.com/
global/en/company/stories/
research-technologies/digitaltwin/additive-manufacturing-cleaning-3d-printed-components.html
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Predictive Maintenance

Model-based identification and
prediction of faults and their
effects allowing for optimized
maintenance decision

https://journals.sagepub.com/
doi/10.1177/1077546318810265

System integration

Providing predictive simulation
models instead of (passive) documentation to support system
integration

Performance limit evaluation;
Operating condition assessment

Commissioning

Predictive models replacing
hardware to facilitate system
validation, training and commissioning (x-In-the-loop)

Virtual Commissioning; Controller Tuning; Operator Training

6.10.3. 
Details of the most relevant use
cases
USE CASE – VIRTUAL SENSORS
Many physical quantities of interests in complex
assets are not accessible by physical sensors, e.g.
sensors cannot be installed at all or costs associated
with the sensor installation cannot be economically
justified. The idea of virtual sensors is to indirectly
infer quantities of interest using models. Having
access to many more physical quantities throughout
testing, commissioning, or operation opens up many
new opportunities. The concept is not new and actually has been proven to be a powerful tool in many
applications, but digital twins will allow to scale the
concept at large.
Many situations, e.g. during operation, require that
the virtual sensor information is “instantly” available.
Thus, so far manual building of corresponding fast
models was required. The manual effort was a limiting
factor for applicability of the virtual sensors. Leveraging a unified access to information as well as automated methods to derive fast models, such as model
order reduction, will allow to scale virtual sensors for
many applications. Corresponding access to such values is key e.g. for advanced operation schemes leveraging artificial intelligence or model-based control.
USE CASE – MODEL-BASED CONTROL
Model based control methods have become an imperative in most engineering fields e.g. machine, electrical, vehicle, or aerospace engineering. Typical use
cases are flight controllers or control methods in
robotics. With continuous data being available due to

multiple sensors and fast simulation methods it is now
feasible to build real time model predictive controllers
and to use them during the whole lifetime of a product. This can e.g. be used in predictive maintenance
or to evaluate different scenarios for the future.
An essential requirement for this to work is that a
very flexible (data and first principles based) modelling framework is available and that the selection of
currently appropriate models, the model adaptation
and modification based on real time data can be done
in an automatized way. Such techniques are only partially available and require highly standardized software and data handling techniques.

6.10.4. 
Main Research Challenges
The main mathematical challenges with respect to
digital twins are:
Interactivity: Speed and accuracy define the value
of simulation and Digital Twins. Being very accurate, today's model and simulation approaches are
extremely time-consuming. Speeding them up, while
retaining the right level of accuracy, is crucial for
extending the use of Digital Twins.
Reliability: Users of Digital Twins cannot be
expected to be sophisticated experts, like it can be
expected during the use in design and engineering.
Thus, any prediction by the Digital Twin must be fail
safe and / or provided along with confidence intervals such that no expertise is required to interpret the
results or can be used autonomously, e.g. by controls.
In particular Digital Twins must be self-aware and
inform the user if they are used outside their validation and specification domain.
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Usability: Model-based and simulation tools are
expert centric today. Their resources are limited and
thus the use of corresponding tools today is limited
by the availability. Therefore, any Digital Twin solutions must be accessible also for non-experts from a
usability perspective. Similarly, efforts for their generation should be reduced as much as possible.
Security: Many business models based on the
Digital Twin will require to exchange Digital Twins
between different parties. Reverse engineering must
be prevented, such that no intellectual property is
lost.

Deployability: Digital Twins will be used different
from the place where they have been created, e.g. on
customer premises, in the cloud, on controls. Thus,
deployment must be easy to reduce barriers and
efforts.
Synchronicity: Digital Twins link the real with the
digital world. Since each asset is typically unique, Digital Twins must be uniquely adapted and keep synchronous with their real-world counter parts. This
includes adaptation of models according to wear as
well as updating the models due to reconfiguration or
service replacements.

Data science
and artificial
intelligence

×

Uncertainty
quantification

×

Interactivity

Inverse problems
and parameter
estimation

WG-3

High performance
computation

Simulation

WG-2

Systems and
control

Model order
reduction

WG-1

Optimization

Modelling

6.10.5. 
Requirements

WG-4

WG-5

WG-6

WG-7

WG-8

WG-9

×

×

×
×

Reliability
Usability

×

×

Synchronicity

×

×

×

×

×

×

×

Deployability
Security
Use Case specific

×
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6.11. 
WG-C2 The OpenMSODE
software
6.11.1. Main trends
Open Software clearly enables new actors including
SMEs, potentially with the help of a proper knowledgeable accompaniment, to access highly technological solutions, to develop new ideas and to start
new businesses depending on associated exploitation
rights. It clearly shifts development effort from lowvalue work to value creation.
Sharing software components between academia
and industry is also a way to reinforce the European
momentum on the development of new mathematical
algorithms in order to, e.g., take advantage from new
European HPC architectures or from data-simulation
hybridation. Eventually, the development of better

interoperability is expected to accelerate innovation
and boost European leadership.
A very large number of Open Software has been
developed. A number of webpages actually point to
multiple Open Software options in bioinformatics,
mechanics or data sciences; here are some examples:
https://en.wikipedia.org/wiki/List_of_opensource_bioinformatics_software
https://en.wikipedia.org/wiki/List_of_computer_
simulation_software
https://medevel.com/open-source-data-scienceanalysis/
Open Software has clearly evolved to provide integrated environments, especially relying on Python
interfacing, which is a key element to foster collaboration, integrate various expertises and make content
widely accessible.

6.11.2. Use Cases
The following list of examples does not intend to be exhaustive but highlights some key products.
FreeFEM

FreeFEM is a partial differential equation solver for non-linear
multi-physics systems in 2D and 3D.

https://freefem.org

GetFEM++

GetFEM++ is an open source library based on collaborative
development. It aims to offer the most flexible framework for
solving potentially coupled systems of linear and nonlinear
partial differential equations with the finite element method.

http://getfem.org

Code_ASTER

Thermo-mechanical simulation software developed by EDF

https://www.code-aster.org/

OpenTURNS

Library for the treatment of uncertainties & risks

http://www.openturns.org

Scikit-learn

Machine Learning in Python

Paraview

ParaView is an open-source, multi-platform data analysis and
visualization application.

6.11.3. 
Details of the most relevant use
cases
NLAFET – enables a radical improvement in the performance and scalability of a wide range of real-world
applications relying on linear algebra software for
future extreme-scale systems. It includes several features, as listed below.

Phimeca,
Booking.com,
JP Morgan, Michelin

https://scikit-learn.org/

https://www.paraview.org

▪ Development of novel architecture-aware algorithms
that expose as much parallelism as possible, exploit
heterogeneity, avoid communication bottlenecks,
respond to escalating fault rates, and help meet
emerging power constraints.
▪ Exploration of advanced scheduling strategies and runtime systems focusing on the extreme scale and strong
scalability in multi/many-core and hybrid environments.
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▪ Design and evaluation of novel strategies and software support for both offline and online auto-tuning.
MSO4SC – The challenges of society show rising
complexity and their solution process increasingly
requires a holistic approach. It is necessary to provide
decision makers with tools that allow long-term risk
analysis, improvements or even optimization and control. One of the key technologies in this process is the
use of mathematical Modelling, Simulation and Optimisation (MSO) methods, which have proven effective
tools for solving many problems, e.g. realistic prediction of wind fields, solar radiation, air pollution and
forest fires, prediction of climate change, improving
the filtration process for drinking water treatment and
optimization methods for intensity-modulated radiation therapy.
These methods are highly complex and are typically processed via the most modern tools of ICT
including high performance computing and access
to big data bases and usually need support of skilled
experts, which often are not available, in particular in
small and medium enterprises. To improve this situation, the pan-European network EU-MATHS-IN (European Service Network of Mathematics for Industry
and Innovation) has been founded from national networks containing leading research centres of Europe
with high excellence of MSO and ICT.
The major objective of this project is to construct
an e-infrastructure that provides, in a user-driven,
integrative way, tailored access to the necessary
services, resources and even tools for the fast prototyping, providing the service producers with the
mathematical frameworks as well. The e-infrastructure consists of an integrated MSO application catalogue containing models, software, validation and
benchmark and the MSO cloud: a user friendly cloud
infrastructure for selected MSO applications and
developing frameworks from the catalogue. This will
reduce the ‘time-to-market’ for consultants working
in the above-mentioned societal challenges.
Open Dream Kit – OpenDreamKit is a project that
brings together a range of projects and associate
software to create and strengthen virtual research
environments. The most widely used research environment is the Jupyter Notebook from which computational research and data processing can be
directed. The OpenDreamKit project provides interfaces to well established research codes and tools so
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that they can be used seamlessly and combined from
within a Jupyter Notebook.
OpenDreamKit also supports open source research
codes directly by investing into structural improvements and new features to not only connect all of
these tools but also enrich them, and make them
more sustainable.
GMSH – Gmsh is an open source 3D finite element
mesh generator with a built-in CAD engine and
post-processor. Its design goal is to provide a fast,
light and user-friendly meshing tool with parametric
input and advanced visualization capabilities. Gmsh
is built around four modules: geometry, mesh, solver
and post-processing. The specification of any input
to these modules is done either interactively using
the graphical user interface, in ASCII text files using
Gmsh's own scripting language (.geo files), or using
the C++, C, Python or Julia Application Programming
Interface (API).
OpenFOAM – OpenFOAM is the free, open source CFD
software developed primarily by OpenCFD Ltd since
2004. It has a large user base across most areas of
engineering and science, from both commercial and
academic organisations. OpenFOAM has an extensive range of features to solve anything from complex
fluid flows involving chemical reactions, turbulence
and heat transfer, to acoustics, solid mechanics and
electromagnetics.
OpenFOAM is professionally released every six
months to include customer sponsored developments and contributions from the community. It is
independently tested by ESI-OpenCFD's Application
Specialists, Development Partners and selected customers, and supported by ESI's worldwide infrastructure, values and commitment.
FreeFEM – FreeFEM is a partial differential equation
solver for non-linear multi-physics systems in 2D and
3D.
Problems involving partial differential equations
from several branches of physics, such as fluid-structure interactions, require interpolations of data on
several meshes and their manipulation within one
program. FreeFEM includes a fast interpolation algorithm and a language for the manipulation of data on
multiple meshes.
FreeFEM is written in C++ and its language is a C++
idiom.
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GetFEM++ – GetFEM++ is an open source library
based on collaborative development. It aims to offer
the most flexible framework for solving potentially
coupled systems of linear and nonlinear partial differential equations with the finite element method.
GetFEM++ is interfaced with some script languages
(Python, Scilab and Matlab) so that almost all of the
functionalities can be used just writing scripts. It
works in arbitrary dimension and allow to couple 1D,
2D and 3D problems.
GetFEM++ can be used to construct very generic
finite element codes, where finite element methods,
integration methods and the dimension of the problem are the parameters that can be changed very
easily. This allows a wide range of experiments. Many
examples and demos are provided.
GetFEM++ has only an experimental meshing procedure (and produces regular meshes). It is therefore
often necessary to import meshes. The formats currently supported are GID, GMSH, EMC2 and ANSYS.
Code_ASTER – EDF, one of the major power utilities,
has developed for 15 years its own numerical simulation software for structural analysis, Code_Aster.
Widely used, in-house, for the expertise and the
maintenance of power plants and electrical networks,
this tool covers a large range of applications: 3D thermal analyses and mechanical analyses in linear and
non-linear statics and dynamics, for machines, pressure vessels and civil engineering structures. Beyond
the standard capabilities of a FEM software for solid
mechanics, Code_Aster compiles specific research
in various fields: fatigue, damage, fracture, contact,
geomaterials, porous media, multi-physics coupling.
Indeed EDF must justify the lifetime of numerous
components and materials, mostly in the nuclear field,
that are operated by the company but not designed
or manufactured by itself. The problems that EDF has
to deal with, requiring specific development, are of
three types:
1. taking into account and understanding unforeseen
events,
2. quantifying margins with respect to engineering
design,
3. justifying the use of a material or a process during
a given lifetime.
Thus, EDF must ensure with credibility and in the
long run the control of its computational tool, independently of the software publishers. Moreover,

developing one’s own code guarantees the capitalization of the research and its fast transfer towards engineering, difficult to obtain with a commercial solution.
Finally, the continuous effort to develop Code_Aster
is justified by our increasing needs in powerful modelings, having recourse most of the time to generalized
3D non-linear computations.
OpenTURNS – stands for “an Open source initiative
for the Treatment of Uncertainties, Risks'N Statistics”. It includes a multivariate probabilistic modeling
including dependence between variables for which it
is one of the most complete existing solutions, and
multiple numerical tools dedicated to the treatment
of uncertainties. It allows for the generic coupling to
any type of physical model and can be operated as
a C++/Python library under LGPL license. Its development has been co-sponsored by EDF & EADS; the
solution is operated by a company called PhiMeca.
Paraview – ParaView is an open-source, multi-platform data analysis and visualization application. ParaView users can quickly build visualizations to analyze
their data using qualitative and quantitative techniques. The data exploration can be done interactively in 3D or programmatically using ParaView’s
batch processing capabilities.
ParaView was developed to analyze extremely
large datasets using distributed memory computing
resources. It can be run on supercomputers to analyze datasets of petascale size as well as on laptops
for smaller data, has become an integral tool in many
national laboratories, universities and industry, and
has won several awards related to high performance
computation.

6.11.4. Main Research Challenges
Several challenges are key to develop the impact of
Open Software.
▪ S
 ecurity: in the context of mixed standalone/
web-services software applications for hybrid data/
simulation applications, open-source platforms can
increase the risk of security breaches and raise certification issues,
▪ Integration/interoperability: developing standard formats, APIs and co-simulation APIs through
common binding languages will enable to combine
algorithms from various research teams to create
new valuable ideas and business,
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▪ C
 ommunity growth: a real momentum around
major software should exist to drive the opensource model towards community maintenance.

6.11.5. Requirements
Europe is already quite a fertile territory when it
comes to Open Software solutions. Some commercial
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software companies, like ESI, have even acquired
some of them, convinced that the market will evolve
toward light and flexible numerical environments.
Open Hardware would surely complement well the
picture (from openly available HPC facilities, to fab
labs) in order to foster new developments and business opportunities especially for new born companies.
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6.12. W
 G-T1 Working Group for
Transfer
6.12.1. Main trends
Models of economic growth based on ambitious and
profitable but sustainable, safe and pollution-free
industrial innovation ensure more competitive, fair
and free societies. These models must base their decisions on existing scientific knowledge. Traditionally,
the most advanced scientific knowledge in Europe
is developed in universities and research centers.
It is therefore essential to establish agile and modern mechanisms that allow this knowledge to flow
continuously towards the European productive fabric and society. This allows a circular university-enterprise economy, in which investment in universities
is returned to industry and society with a differential added value for more disruptive innovation. At the
same time, knowledge transfer enables universities
to raise private funds to help develop new application-oriented knowledge. These are economic models
in which society as a whole benefits from public and
private R&D&I investment. For Europe, it will be vital
that this university-business tandem works satisfactorily if it wants to compete with the big industrial giants
that have emerged in recent years and thus ensure
that we are able to maintain the current welfare state.
While some mathematicians have already developed deep connexions with the industry, a pushing
to actively involve in this game to the whole mathematics community should be done. It is true that
Mathematics has been present in industrial development through the Mathematics studied at universities
in the courses of Engineering, Physics or Economics.
But the current complexity of industrial, social, biological, health, or climatic processes require the use
of very advanced mathematical tools, which on many
occasions must be developed specifically and adapted
at each real application (Bond [5], Leray[11]). In previous years, part of this absence of mathematicians in
the development teams was saved with strong computational development, in which the use of standard mathematical models was compensated with an
increase in the capacity of computers. In the actual
computational paradigm, we have almost reached
the limit of this computational path. On the other
hand, challenges faced by companies within Industry 4.0 show an unprecedented complexity level,

including processes for which basic algorithms produce results that are poorly adjusted to reality. For
example, they are not capable of adequately capturing the effect of unexpected external inputs, take
into account the uncertainty of involved phenomena,
or of reproducing the sudden appearance of instabilities. It is therefore necessary and unavoidable to
include highly skilled mathematicians experts in the
development teams. Incorporating advanced mathematical technologies, as Modelling, Simulation
and Optimization tools in a Data rich Environment (https://www.eu-maths-in.eu/wp-content/
uploads/2018/05/MSO-vision.pdf) (MSO-DE) will
be the key to address more and more complex processes, and overcome as far as possible the computational limitations. This is particularly relevant for SMEs
and start-ups, as witnessed by a growing range of
real-world industrial success stories, with real and tangible benefits in increasing the efficiency of production processes, enabling virtual prototyping and digital
twinning, reducing waste costs and lead times, and
fostering accessibility of powerful data analysis tools.
A good number of European mathematical
researchers have understood this challenge and have
committed themselves to make their research trajectory compatible with the transfer of knowledge to
industry, and to the institutions in charge of maintaining the state of well being of citizens. However,
mathematical research is very extensive and experts
are scattered across different expertise areas in universities, research and technological institutions. This
willingness of researchers to collaborate with industry is not enough; infrastructures to serve as an
interface between both worlds are needed in order
to really improve and facilitate it. These infrastructures, like usual help desks, must be technological
translators of existing mathematical tools; maintain
an updated catalogue of mathematical tools supplies,
their experts and their success stories under collaboration; capable of making accurate diagnoses of the
potential of mathematics in each process of interest,
and to be able to establish the optimal link between
researchers and industrialists for the best integrated
team at each collaboration.
The year 2011 was a very important starting point
to fill this gap in this way: several national networks of
research groups or research centers were created in
different European countries (AMIES (https://www.
agence-maths-entreprises.fr/a/?q=fr/node/574 in
France, math-in http://www.math-in.net/?q=en)

Modelling, Simulation and Optimisation in Data-rich Environment – EU-MATHS-IN Strategic Research Agenda 2020

63

6. MSODE RESEARCH PRIORITIES — 6.12. WG-T1 WORKING GROUP FOR TRANSFER

in Spain or Sportello (https://www.sportellomatematico.it/SMII/) in Italy). After the success
of such initiatives, EU-MATHS-IN (https://www.
eu-maths-in.eu/) was founded in 2013 as a network of national networks to integrate in a wider
way all European mathematicians efforts. Thanks to
its impulse, up to 17 European countries have worked
to unite in a national network a more agile and fruitful Mathematics-Industry relationship. At a European
level, industrial transfer of Mathematical Technologies is still largely underdeveloped as compared to
other technological and scientific disciplines, despite
many international reports that were recently developed, showing the economic impact of Mathematical
Technologies on Gross Value Added and employment. For example, Mathematical Science contributes

for about 16% of GVA in the United Kingdom; moreover, 2.8million people in the UK have a job related to
Mathematical Technologies (Deloitte 2012 [12]). In the
Netherlands, equivalent figures are 13.2% of GVA and
in 900000 jobs (Deloitte 2014 [13]). MSO-DE account
for 15% of French GVA and 2.4million jobs (CMI 2015 [
]). Finally, the Spanish economy benefits for 10.1% of
GVA from MSO and 1 million of jobs (AFI 2019[ ]).
Outside the European context, there are important well-established organizations such as MITACS
(ht tps://w w w.mitacs.ca/en/newsroom/mediakit/about-mitacs) in Canada, APCMfI (https://
apcmfi.org/) in the Asia-Pacific region, or MASCOS
(http://www.complex.org.au/c_index.php) in Australia.

6.12.2. Use Cases – Examples
Where is it used
(industrial use)

Use Case Name

Short description

Agency for Interaction in Mathematics with Business and Society
(AMIES)

It is a french organization that aims to
develop relations between academic
research teams in mathematics and business, especially SMEs.

https://www.
agence-maths-entreprises.
fr/a/?q=fr/node/574

The Mathematics of Information
Technology and Complex Systems
(MITACS)

It is a federally funded Network of Centres
of Excellence dedicated to bringing together
Canadian industry with leading academic
scientists to develop new mathematical tools
that will contribute to the welfare and economic development of Canada.

http://www.mitacs.math.ca

Spanish Network for Mathematics &
Industry (math-in)

It is a Spanish network aimed at providing solutions and transferring mathematical technology to the productive sectors of
society, especially to companies and public
Administrations.

www.math-in.net

Sportello Matematico per l’Innovazione e le Imprese (SM[i]2)

The Asia Pacific Consortium of
Mathematics for Industry (APCMfI)
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Links, references

https://www.sportellomatematico.it/SMII/

It aims at the development of mathematics
and its applications to enhance the quality
of life on the planet by creating new technologies, improve industrial mathematical
research and stimulate the two-way interaction between mathematics and industry.

http://apcmfi.org/
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6.12.3. 
Details of the most relevant use
cases
6.12.3.1. AMIES
AMIES (Agency for Mathematics in Interactions with
Enterprises and the Society) is a Service unit of CNRS
and Université Grenoble Alpes (UGA) – UMS 3458.
AMIES’ main aim, at the national French level, is to
provide companies, and in particular SMEs, with an
entry point to high level mathematics, whose use is
at the base of innovation. AMIES is based in Grenoble but acts all over France. It animates the so called
MSO network (for Modelling, Simulation and Optimization network) which does locally the collaborations
between companies and mathematical academics, while AMIES acts as a mean agency (with funding from Future Investment Program – PIA). From
2011, AMIES has developed several programs in order
to improve and give more visibility to interactions
between companies and mathematics, in France.
These are mainly co-funding of research projects with
companies and study week with industry for PhD students (SEME). More than 140 research project with
a company have been founded. Within its programs
AMIES has connexions with more than 350 companies, ¾ of which are SMEs.

6.12.3.2. Math-in
The Spanish Network for Mathematics & Industry
(math-in) works to improve the competitiveness of
business and industrial sectors through the transfer
of mathematical technology as a tool for innovation.
Its more than 400 researchers provide expert knowledge from the 30 research groups of Spanish universities and research centers. Its researchers develop
their solutions working in network. Math-in maintains
a continuous contact with the industry to find the
most effective solutions to their needs and demands.
Services offered by math-in include:
▪ H
 igh-level scientific consultancy with turnkey solutions to address industrial innovation projects. A
strong level of customization, including the development of new mathematical tools are the key to
the solutions performance.
▪ C
 ollaboration in R&D&i business projects, pushing
the researchers participation in projects supported
by competitive public funding programs.

▪ T
 ailor-made training. It offers advanced, specialized and –on demand- exclusive training, with the
option of including cases studies of the company
itself.
▪ O
 rganization of technological meetings, working
days for exchange of knowledge, the search for
innovative solutions to complex problems, and the
opening of new collaborations between companies
and universities.
▪ S
 oftware development to integrate the developed
mathematical technology. It designs practical and
friendly tailored programs, ready to be integrated
with software packages on the market or with the
company owns.
The success of the work done by math-in researchers is shown by their large number of success stories in practically all industry sectors (http://
math-in.net/?q=es/system/files/CatalogoCasosExito_en.pdf). As an example and just to give an
idea of its wide potential, some of them are named:
calculation of the reliability of a submarine using simulations to determine its life cycle; simulation of the
biomechanical behaviour of the mandible and dental
pieces for dentistry; application of machine learning
to improve customer satisfaction in insurance market;
predictive tool of pollution episodes and events in a
thermal power plant; Evaluation of the effectiveness
of Alzheimer’s drugs; tool for solving depth problems in satellite images by means of their 3D conversion; calculation methodology to predict, design and
optimize the acoustic behaviour of vehicles; simulation and optimization of new processes and alloys
of microalloyed steels for hot forging of automotive
crankshafts; and diachronic evaluation of the use of
sewage sludge in agriculture: production, biodiversity,
phosphorus and heavy metals.

6.12.4. Main Research Challenges
The launching of an Industry Helpdesk on MSODE
should be part of a wider strategic plan to keep the
competitiveness and leads of European continent.
The helpdesk should be designed in order to let companies state their needs in terms of guidance, expertise, and to describe their technological challenges.
Depending on their requests, services in technological pre-diagnosis, expertise skills, guidance to simulation, computing, optimization, data analysis, HPC,
HPDA clusters, technological transfer, intellectual
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property, or support to present proposals for different call will then be provided. This European service
would thus centralize in a coordinated way the services already provided by the National Networks in
the different countries, and would allow the creation of international consortia to respond to first level
challenges. The HPC/HPDA part will be led in connexion with the national HPC competence centers.
Industry Helpdesk on MSODE would allow an
increasing competitiveness of European companies,
through novel and advanced value added services in
their portfolio, incorporating tuned key technological tools, fostering cross-border and cross-sectoral
collaborations to boost value chain innovation. To
achieve this goal, it should be built in an open environment to put companies and institutions in contact
with other innovation actors such as research and
knowledge centers, investors and clients, to enhance
and support innovative projects development through
the utilization of mathematical technologies, such as
Modelling, Simulation and Optimization in a Data rich
Environment (MSODE). The aim is to become a digital
advanced knowledge Hub for innovation in the mathematical field that bring together all the main actors
of this ecosystem and be at the service of European
industry and institutions.
This helpdesk, which would work as a one-stop
shop at European level, would have to bring together
different services such as:
▪ P
 roviding Technology Translators: this professional figure is trained to foster Industry-Academia
cross-fertilization in the specific field of Mathematical Technologies.
▪ A
 job portal in the field of mathematical technologies: hiring young mathematicians is a way that
enterprises have to strengthen university connections. Such a specific website is very important
for mathematics skills because the recruitment
of mathematical profiles has become an important issue for businesses and companies, especially
SMEs, do not always know where to find specific
mathematical skills.
▪ A
 software catalogue, gathering academic open or
closed source software, will strengthen the links
between academia and business and facilitates the
transfer of technologies.
▪ S
 ervice to access high performance computing
resources including an infrastructure to deploy
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software on these resources for testing and benchmarking purposes.
▪ E
 stablish specific links with selected strategic innovation agents (such as stakeholders, clusters, or
networks) to facilitate the visibility of the Industry
Helpdesk on MSODE.
▪ T
 o offer an updated catalogue of the capabilities and experience of research groups performing
mathematical transference in Europe. The aim is to
promote the company's confidence in the mathematical partner that incorporates to its team of collaborators.
▪ T
 o offer a catalogue of successful results derived
from the incorporation of mathematical technology in different industrial sectors. The aim is to
always have a wide and open exhibition, classified
by industrial sectors and by topics of interest, that
serve as inspiration and motivation for new innovative initiatives.
▪ P
 romote meetings involving academia and industry,
such as Specific Networking Days (SND) or European Study Groups (ESGI). They will give stakeholders the opportunity in an international context to
exchange staff members that jointly will analyse,
diagnose and define the appropriate roadmap to
address an industrial problem, a research challenge
or a specific institutional need.
▪ D
 etect specific technical training needs in companies that contribute to the continuous training
of personnel. Based on this monitoring, specific
courses should be designed and offered.
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8. Glossary of Terms
AI

Artificial Intelligence

AO

Adaptive Optics

API

Application Programming Interface

BD

Big Data

CT

Computerized Tomography

DM

Deformable Mirror

EC

European Commission

EDA

Electronic Design Automation

EIT

Electrical Impedance Tomography

ESO

European Southern Observatory

ETP

European Technology Platform

EU

European Union

FY

Fiscal Year

GDP

Gross Domestic Product

GDP

Gross Domestic Products

GVA

Gross Value Added

HPC

High-Performance Computing

HPDA

High-Performance Data Analytics

IoT

Internet of Things

MCPs

Mobile Consumer Products

MOR

Model Order Reduction

MSO

Modelling, Simulation and Optimisation

MSODE Mathematical Modelling, Simulation and Optimisation in Data-rich Environment
MVM

Matrix-Vector-Methods

R&D&I

Research and Development and Innovation

ROI

Return on Investment

ROM

Reduced Order Model

SPECT

Single Photon Emission Computed Tomography

TCI

TransContinuum Initiative

UQ

Uncertainty Quantification

WG

Working Group
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