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VOLUME
Massive data means volumes ranging from the kilobyte 
to the petabyte, well beyond the human brain’s capacity 
for fast processing.

VELOCITY
Frequency at which the data are generated, processed 
and networked. As this frequency is constantly 
increasing, it is very often necessary to use high 
performance computing resources (extreme computing). 

VARIETY
Data can be text, video or audio, scientific or 
extracted from daily life, structured or unstructured. 
Hence the need to analyse the data automatically 
using algorithms to extract correlations and 
knowledge (data mining) and, sometimes, to represent 
them in visual form (data visualisation). 

CORRELATION
Data analysis reveals correlations that are often un-
suspected and are highly instructive (data analytics). 
However, a correlation is not the same as a meaning 
or knowledge. The fundamental conflict between a 
science based on causality and an analysis which is 
based on correlations lies at the heart of the current 
epistemological debates [see page 45]. 

BIAS
Certain data may contain bias or be discriminatory. 
Automatic processing will transmit this bias to the re-
sulting conclusions. The ethics of Big Data are looking 
to avoid any harmful consequences by recommending 
data control and verification procedures. 

France IA Strategy Report: www.enseignement-
sup-recherche.gouv.fr/cid114739/rapport-strate-
gie-france-i.a.-pour-le-developpement-des-technolo-
gies-d-intelligence-artificielle.html

TRACEABILITY
It must be possible to monitor the actions of a system 
which learns by analysing data (machine learning), 
through the provision of a sufficiently detailed log. 
This is even essential when attempting to determine 
responsibilities and if necessary build a legal case. 

IEEE initiative: https://standards.ieee.org/develop/
indconn/ec/autonomous_systems.html 

EXPLICABILITY
In certain cases, machine learning will use its own 
specific references or concepts that humans may not 
necessarily understand. The compromise between 
learning performance and explicability must be as-
sessed according to usage.

Cerna work: www.cerna-ethics-allistene.org

Big Data: What  
Are We Talking About?
It was in the 1990s that the term Big Data took on its current meaning as a 
technological challenge for the analysis of large quantities of data. These data 
were initially scientific, but increasingly are being collected on a day-to-day basis 
by various technical means. Big Data is both the production of massive amounts of 
data and the development of technologies capable of processing in order to extract 
correlations or meanings. A definition in seven steps…
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•
BY 
ALEXEI GRINBAUM
(Fundamental Research Division)

 BYTE 
Unit of measurement of the quantity of data 
that can be produced or stored. 
A kilobyte (KB) is a thousand bytes (a few KB  
is the size of a simple text file), a megabyte 
(MB) is a million bytes (a CD-ROM holds 650 
MB), a gigabyte (GB) is a billion bytes  
(the size of a USB memory stick usually varies 
from 1 to 8 GB, while some can hold up to 128 
or even 256 GB) and a terabyte (TB) is one 
thousand billion bytes, or the storage capacity 
of a high-performance hard disk.

 ALGORITHM 
A description, which can be given in the form  
of a routine in computer language,  
of a finite series of steps to be executed  
in order to convert input data into output data 
for a predefined purpose. 

 HIGH PERFORMANCE COMPUTING 
Providing a virtual representation of particularly 
complex objects, phenomena or systems today 
requires the use of extremely powerful 
computers (supercomputers). The most 
powerful can now perform several million billion 
operations per second (petaflop/s). Hence the 
term High Performance Computing (HPC) which, 
by extension, also refers to the science 
developed around this equipment (hardware, 
software, etc.).

Alexei Grinbaum is a physicist  
and philosopher. He works at CEA’s  
Physical Sciences Research Laboratory.
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“Together with CEA, we are 
planning for the future:  
that of the quantum computer, 
on which our engineers  
are already working closely 
with those at CEA, and 
“quantum-safe” cryptography.”

Building Lasting 
Digital Trust, Together

VIEWPOINT CONTEXT

The exponential growth in data is in particular 
driven by smart objects, with more than 50 
billion of them populating the world in 2020. 
By that time-frame, 40,000 billion billion 

data will be generated… More than there are stars in the 
Universe!

We will have to collect these data and then be able to 
count, identify and isolate them, but also connect them 
to each other at any moment, and place the various ob-
jects in a given order. This is the first challenge. To meet 
it, machines of exceptional power – supercomputers – 
are required, along with a new generation of software, 
working differently from the computers we have been 
using for the past 30 years and which are based on batch 
processing. The days when computer operators had 
time to save data, restore them or restart processing in 
the event of a breakdown are over. Systems are now 
real-time or quasi-real-time and learn independently.

The second challenge will be to secure these data, 
whether personal or industrial, belonging to Governments, 
local authorities or public institutions. Legal frameworks 

are gradually being reinforced for this purpose.

Faced with this two-fold challenge, there is only one 
possible answer: to build lasting digital trust, together. 
First of all trust in our technological ability to exploit 
millions and then billions of billions of data per second, 
something that the Bull Sequana supercomputer 
is already doing. Then, trust by the citizens in the 
management of personal data, including that generated 
by the internet of things, with cybersecurity lying at the 
heart of our commitments and our operational excel-
lence.

More broadly, together with CEA, we are planning for 
the future: that of the quantum computer, on which our 
engineers are already working closely with those at CEA, 
and “quantum-safe” cryptography. By 2030, new inven-
tions will be appearing in all sectors, creating jobs and 
sustainable growth, far from the long-term stagnation 
that is feared by some. The 21st century will thus be the 
century of real-time data exploitation and the construc-
tion of digital trust, which are the two sides of the same 
coin. 

CEA has a full role to play in national  
and European initiatives to stimulate research 
and innovation in the field of Big Data.

Research, industry, economy and society are 
undergoing profound changes in the face 
of the exponential growth in the quantity 
of data produced by companies, private 

individuals and scientists. Managing and utilising 
these data represent major challenges. Some 
examples: the emergence of new paradigms of 
scientific discovery by analysis and intensive 
exploitation of data, without the need for an a priori 
model describing the real world; the decision by large 
industrial firms to place data management at the heart 
of their digital transformation; changing user services, 
education methods, professions, etc.; this all in the 
context of jeopardised private data protection while 

access to public data is increasing. After the explosion 
of economic and social activities on the web, the 
development of the Internet of Things (IoT) is 
announced as being the next frontier of our ultra-
connected world, in which data are the centre of 
attention.

Computing power is now an intimate part of the data 
production/processing cycle, fuelling innovation and 
growth. The whole world is now aware of this, still led 
by the United States, with federal initiatives on Big 
Data, data analysis and high performance computing. 
Europe is identifying the creation of a single digital 
market as one of its priorities, where digital and high 
performance computing technologies and uses occupy 
a central place. France has a number of assets: 
mathematical expertise, extreme computing support 
policy, a structured national research network [1], 

CEA Takes Up  
the Big Data Challenge 

“Extreme computing  
and modelling / simulation 
have historically driven 
digital technologies  
and usages, giving  
an increasingly central 
place to data linked  
to supercomputers.”

by Thierry Breton,  
CEO of Atos, former Minister

•
BY JEAN-PHILIPPE  
BOURGOIN AND  
JEAN-PHILIPPE NOMINÉ
(Strategic Analyses Division) 

Jean-Philippe Bourgoin is Director  
of Strategic Analyses at CEA.

Jean-Philippe Nominé is Digital  
Project Manager in CEA’s  
Strategic Analyses Division.

Read the full paper by Thierry Breton on: 
cea.fr/english/Pages/resources/clefs-cea/big-data/lasting-digital-trust.aspx
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BIG DATA TECHNOLOGIESCONTEXT

As a producer and user of the larges masses of data generated by its 
research activities, and whether alone or with scientific and industrial 
partners, CEA is actively involved in developing technologies capable of 
processing, storing, reusing and offering the highest level of protection 
for data.

BIG DATA  
TECHNOLOGIES

a high-quality network and computing infrastructure, 
a strong network of industrials and service providers, 
with major groups as well as dynamic SMEs. In 
addition to its participation in European actions, 
France has set up initiatives to stimulate research and 
innovation in the field of Big Data [2 and 3].

CEA has a full role to play in this scientific momentum 
and in supporting national industry, with a strategy 
relying on two pillars: an integrated extreme 
computing policy applied to digital simulation and 
large-scale data processing; a portfolio of solutions for 
the digital transformation of industry, encompassing 
data intelligence, sensors and IoT, advanced 
manufacturing, cybersecurity.

Extreme computing and modelling/simulation have 
historically driven digital technologies and usages, 
giving an increasingly central place to data linked to 
supercomputers. These tools are today essential for 
the fulfilment of all the missions of CEA. CEA has 
been tasked by the State with the national role of 
developing extreme computing technologies [4] in an 
industrial partnership jointly with ATOS/Bull, within 
the context of a dense network of collaborations, 
whether national, including the Teratec cluster, 

European or international, that it has built up over the 
past fifteen years.

As part of its duties to support industry, and primarily 
in the List [5] Institute, CEA is developing digital 
transformation solutions, drawing on a robust 
tradition of signal processing and hardware/software 
coupling. It organised its activity around 7 topics: 
raw data processing, scene analysis, distributed self-
adapting systems, data modelling and visualisation, 
architectures similar to those of vision sensors, 
neuromorphic architectures and critical real time 
design. Digitec, a digital systems research hub created 
on the Paris-Saclay campus, is emblematic of the 
dynamic academic and industrial collaboration 
momentum on these subjects.

Finally, CEA is also focusing particular attention on 
the training for the new skills and professions 
required by these permanently and rapidly changing 
sectors.

Big Data is thus a combination of challenges and 
opportunities to advance knowledge and to accelerate 
economic growth. It is a crucial field for CEA and one 
in which it is heavily involved.   

“CEA organised its activity 
around 7 topics: raw data 
processing, scene analysis, 
distributed self-adapting 
systems, data modelling and 
visualisation, architectures 
similar to those of vision 
sensors, neuromorphic  
architectures and critical real 
time design.”

The Cobalt Supercomputer at CCRT
© P. Stroppa / CEA

 From Production to Exploitation of Data 7 

 Data Visualisation 17

 Data Protection 19

[1] Alliance of digital science and technology: 
www.allistene.fr

[2] Steering Committee for digital matters  
in higher education and research

[3] Économie des données de la Nouvelle  
France Industrielle, (Data Economy of New 
Industrial France) coordinated by the Ministry 
for the Economy and Finance

[4] Official Journal of the French Republic  
n° 0219 of 21 September 2014 and n° 0150  
of 29 June 2016

[5] The List is one of the three technological 
research institutes at CEA Tech, dedicated to 
smart digital systems

© P. Stroppa / CEA

The complete version of this article can be found on: 
cea.fr/english/Pages/resources/clefs-cea/big-data/cea-and-challenge-big-data.aspx
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BIG DATA TECHNOLOGIESBIG DATA TECHNOLOGIES

The surge in the means of recording data 
and the growth in new analysis approaches 
are multiplying the possible applications in 
science, industry and decision-making. 

Even though in certain fields (meteorology, finance, 
etc.) the aim of producing and conserving exhaustive 
and extremely detailed data has been around for 
several decades, the current wave is unprecedented 
in the numbers and diversity of activities transformed 
by the growth in this approach. Three developments 
have enabled this transformation to take place. First 
of all, the production of data is today relatively 
inexpensive, enabling sensors to be installed to 
observe the working of an object or giving 
information about its environment (temperature, 
brightness), but it is also ubiquitous, in that it is 
possible to collect a variety of information on the 
usage by or reactions of the users. Falling 

telecommunication costs and rising transmission 
rates then made it simpler to collect data, shortening 
the time between their production and their 
availability for exploitation. Finally, data storage has 
undergone two fundamental changes, on the one 
hand the constant drop in unit costs and on the other, 
the development of distributed file systems (such as 
HDFS, SciDB) enabling scaling up at quasi-linear cost [1].

Why accumulate data?

Knowledge and value are not the direct result of an 
accumulation of data. New roles have therefore 
appeared in organisations, for example to ensure data 
integrity and quality, or to formulate an analytical 
approach from a scientific question or industrial 
problem. The Big Data era can be partly characterised 
by its pragmatism, leading data scientists to minimise 

the use of preconceived notions in the construction 
of models and to measure their quality by their 
predictive capability. These models are omnipresent 
in our day-to-day lives. They influence the results 
of our web searches, the advertisements we see, 
or the cultural products for which we receive 
recommendations. More broadly, they intervene in a 
variety of economic fields, for example in medicine, 
to help with the interpretation of various data, or in 
home automation, to enable thermostats to adapt to 
the habits of the occupants of a home.

From data to predictive models

The predictive modelling approach generally 
comprises three steps: firstly, the data are 
accumulated to define characteristics that are 
measurable or are determined by measurements 
(CO2 level, brightness, average noise level in a home, 
etc.) and choose the variable to be predicted (1/0 for 
presence/absence in a home); then a learning 
algorithm models the statistical relationships 
between the characteristics and the variable and 
establishes a predictive model. Finally, in the 

exploitation phase, this model is used on new 
characteristics in order to infer the variable to be 
predicted. 

Current risks and obstacles

Analysing large volumes of data, to search for corre-
lations on which to base a predictive system, is not 
without its risks. Spurious correlations can be 
observed [2] when the learning data set is not 
representative of its exploitation context (learning 
bias) or when the data are multiplied, which increases 
the probability of discovering relationships which are 
simply noise. These two observations plead in favour 
of the creation of interpretable systems, enabling the 
users to understand the decision generated. Finally, 
certain obstacles limit the use of predictive analysis 
methods in certain contexts. A number of research 
directions can thus be mentioned: incremental 
learning (learning coupled with acquisition), the 
interpretability of decisions and the development of 
models guaranteeing the confidentiality of the 
learning data.   

“The Big Data era can 
be partly characterised 
by its pragmatism, 
leading the data 
scientists to minimise 
the use of preconceived 
notions in the 
construction of models 
and to measure their 
quality by their 
predictive capability.”

Data are accumulated to define 
characteristics that are measurable  

or determined by measurements

A learning algorithm models the 
statistical relationships between the 

characteristics and the variable

The model is used on new  
characteristics in order to infer the 

variable to be predicted

•
BY CÉDRIC GOUY-PAILLER
(Technological Research Division)

Cédric Gouy-Pailler is a researcher in Data 
Analysis and Systems Intelligence Laboratory 
(Metrology, Instrumentation and Information 
Department) at List Institute.

Data-Based Prediction: 
Unreasonable Effectiveness?
Although defined relatively imprecisely in epistemological terms, the Big Data 
era can be characterised by two intrinsically linked goals: on the one hand the 
search for exhaustiveness and detailed resolution (space, time, individual, etc.) 
in the production of data; on the other, the absence of preconceived notions in 
their use for building mathematical and computer models, which are gauged 
by their predictive capability.

Graph of problems proposed to the  
audience through the www.kaggle.com  
and www.drivendata.org platforms,  
in “data science” competitions.  
A knot represents a competition and bridges 
between knots symbolize relevant themes. 
Thanks to a data clustering algorithm,  
some main categories are clearly shown,  
encoded by means of color  
and partly detailed on the left.
The size of knots is adjusted through  
the volume of pre-processed  
data (the raw volumes  
are often 10 to 100 times bigger).

PREDICTIVE ALGORITHMS PREDICTIVE ALGORITHMS 

[1] Storage space can be multiplied by two, with no major threshold effect, by doubling the number of machines required.
[2] C.S. Calude and G. Longo, The Deluge of Spurious Correlations in Big Data, Foundations of Science, pp 1-18, 2016 :  
www.hal.archives-ouvertes.fr/hal-01380626/

To find out more 
Learning bias:  
www.ajlunited.org

3D modelling of a building. 
Collaborative work session  
around a numerical model.

©
 P. 
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BIG DATA TECHNOLOGIESBIG DATA TECHNOLOGIES

A utomatic learning is a field of artificial 
intelligence that enables a machine to 
adapt its behaviour dynamically, on the 
basis of previously acquired knowledge. 

In these systems, the knowledge model is created 
automatically from raw data, such as examples of 
the inputs-outputs being sought. 

A classic problem with automatic learning is that of 
classification. This entails labelling each system 
input data with a class. Learning a model of this 
decision implies having a set of data previously 
labelled with the “right” classes. In general, the 
greater the mass of data, the more precise the model 
created and the more frequently right decisions are 
made. 

Automatic classification was applied as of the 1950s 
and up to the end of the 2000s to a vast range of 
problems: endowing computers with perception of 
their environment, diagnostic aids, stock market 
analyses, etc. However, the precision of the results 
was insufficient for industrial uses.

Deep learning methods
Deep learning methods appeared at the beginning 
of 2010: these are in fact neural networks. They 
model the desired input-output functions using 
architectures comprising various non-linear 
transformations. In deep learning, the neurons are 
structured in successive layers, giving increasingly 
abstract representations, until a decision is reached. 
Learning is said to be deep because it relies on a 
large number of layers. The convolutional network 
developed by Geoffrey Hinton’s team in 2012 to 
recognise images of visual objects comprised 
650,000 neurons and 60 million connections on 
8 parameterised layers.

Far from the overlearning observed with conventional 
methods, deep learning is able to learn from numerous 
examples and absorb large amounts of knowledge 
by combining learning of a representation of the 
input data specific for the task considered and that 
of a decision-making function. The Hinton network 

thus learned 1000 classes from 1.2 million labelled 
images. 

Automatic classification by deep learning has 
reached extremely high levels of precision and has 
opened the door to the integration of these methods 
into numerous industrial processes in order to 
accelerate certain operations performed hitherto by 
humans, or even to allow new operations which 
until now were too expensive.

Deep learning at CEA
As part of its innovation technology transfer role, 
the List Institute is developing numerous applica-
tions using deep learning in industry. For example: 
incident detection by factory sensors, defect analysis 
in rolling mills, computer-based vision in the joint 
VisionLab at Thales, or the LIMA extraction of text 
information incorporated into certain processes at 
Bureau Veritas (regulatory intelligence and analysis 
of inspection reports), etc. 

Research today is primarily focused on problems of 
usability in an industrial context. It aims to support 
firms in their automatic learning processes. The dis-
covery of knowledge allows identification of the 
ontology making up the extent of one’s own 
knowledge from internal documents. Self-learning 
makes it possible to search for labelled examples 
automatically on the Web (photos of the Eiffel 
Tower for example) and to teach networks from these 
examples. Explicability gives the systems the ability to 
express whether learning has been successful and 
what they still need to improve learning.  

The List Institute also developed N2D2, an open 
source deep learning software platform. N2D2 can 
be used to explore and generate optimised deep 
neural networks and automatically evaluate the best 
hardware execution target through evaluation 
functions, on the basis of criteria such as cost or 
energy consumption.    

•
BY BERTRAND  
DELEZOIDE
(Technological Research Division)

Bertrand Delezoide is in charge  
of the multimedia team at  
the Vision and Content Engineering 
Laboratory (LVIC) at the  
List Institute, part of CEA Tech.

Deep learning methods have revolutionised artificial intelligence. The performance 
obtained on a number of application problems make it possible to envisage 
integrating learning systems into numerous industrial processes.

Deep Learning in 
the Industrial Age

Illustration of the overlearning  
phenomenon: quality reaches  
a plateau when learning data is added.

A convolutional neural network  
(CNN) is an automatic learning method  

based on deep learning.

AUTOMATIC LEARNING AUTOMATIC LEARNING

To find out more 
The work by Geoffrey Hinton and his 
team:“ImageNet Classification with 
Deep Convolutional Neural Networks”; 
by Alex Krizhevsky, Ilya Sutskever, 
Geoffrey E. Hinton -  
Advances in Neural Information 
Processing Systems 25 (NIPS 2012) :  
www.papers.nips.cc/paper/ 
4824-imagenet-classification- 
with-deep-convolutional- 
neural-networks

The VisionLab laboratory:  
www.kalisteo.eu/en/index

The LIMA analyser:  
www.github.com/aymara/lima

The N2D2 platform:  
www.github.com/CEA-LIST/N2D2
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BIG DATA TECHNOLOGIESBIG DATA TECHNOLOGIES

Distributed systems are an aspect of our 
day-to-day lives, which are increasingly 
connected and digitised by IT appli-
cations. Let us take the example of a sym-

bolic application like the electronic wallet: Chloé has 
an electric car and, given the price of energy, she 
decides to sell her energy by connecting her car to 
the grid. In her application, this sale will take the 
form of a certain sum of digital money, which she 
will spend tomorrow by connecting her car to a re-
charging point in the town centre. This type of 
application interconnects a large number of 
geographically distributed players, carrying out 
complex interactions over a period of time. 

Networks and the underlying algorithms have to 
address various issues of confidentiality, integrity, 
data availability and trust between the players. A 

sizeable challenge if ever there was one! 

The scientific community has been working on the 
problem for years and  impossibility results  would 
seem to jeopardise the very existence of adequate 
technical solutions. Even if it is in theory impossible 
to guarantee both the consistency and availability of 
data, the question of practical solutions then arises. 
In this respect, CEA is working on solutions referred 
to as blockchain for greater trust and is developing 
distributed applications based on a multi-agents 
platform used in several projects. 

This platform, which is today deployed as part of the 
European MAS2TERING project coordinated by 
CEA, carries out automatic, secure negotiation of ener-
gy purchases and sales between local players, with op-
timum planning of household appliances.  

•
CONTRIBUTORS
(Technological Research Division)

•
CONTRIBUTORS
(Technological Research Division)

Sara Tucci is Head of the Blockchain Programme 
in the Software and systems engineering 
department (DILS) at the List Institute.

Jean-Pierre Gallois is a research engineer  
in the Model-driven engineering laboratory  
for embedded systems (Software and System 
Engineering Department) at the List.

Hassan Sleiman is in charge of the 
multi-agents platform in the Data Analysis  
And Systems Intelligence Laboratory  
(Metrology, instrumentation and information 
department) at the List Institute.

Arnaud Cuccuru is a research engineer 
in the Model-driven engineering laboratory  
for embedded systems (Software and System 
Engineering Department) at the List.

Anthony Larue is head of the Data Analysis 
and Systems Intelligence Laboratory  
(Metrology, instrumentation and information 
department) at the List Institute.

Önder Gürcan is a research engineer  
in the Models-Driven Engineering For Embedded 
Systems Laboratory (Software engineering  
and systems department) at the List Institute.

Distributed systems allow data to be exchanged for an application deployed across 
a town or around the world, while preserving digital trust. 

Controlled Interactions

Modelling Helps Manage  
the Complexity  
of Data and Analyses

 IMPOSSIBILITY RESULTS 
In the field of theoretical computing, there are several impossibility results. Among them, the CAP theorem, also known as Brewer’s  
theorem (from the computer engineer Eric Brewer), declares that it is impossible for a distributed computing system to simultaneously 
provide more than two of the following three guarantees: consistency (each reading receives the more recent data or an error), availability 
(each query receives an answer); partition tolerance (the system continues to function despite an arbitrary number of messages deleted  
or delayed by the network between the nodes). - See Lynch, Nancy, and Seth Gilbert. “Brewer's conjecture and the feasibility of consistent, 
available, partition-tolerant web services.” ACM SIGACT News, v. 33 issue 2, 2002, p. 51-59.

DISTRIBUTED SYSTEMS DATA MODELLING

T he explosive growth in the amount of data 
circulating in digital space and the under-
lying problem of handling enormous 
quantities of information have in recent 

years triggered major developments in terms of data 
storage and processing technologies (cloud compu-
ting, databases and high-performance algorithms).  
Nonetheless, for fields such as the production and 
storage of renewable energies [2], the volume and 
heterogeneity of the data collected are such that 
traditional numerical methods (for example 
simulation) struggle to define optimum configura-
tions. New techniques must be conceived for effective 
integration of so much data from so many varied 
sources: meteorology, energy production and storage, 
distribution grids, consumption. 

The model-driven engineering laboratory for em-
bedded systems (LISE) at the List is working on 
innovative solutions, based on its expertise in mo-
del-driven engineering (MDE). MDE is an approach 
which consists in using models to explain all the 
information that is pertinent to a design or analysis 
process. In particular, on the basis of its Papyrus 

modelling platform [1], the LISE is developing 
modelling and qualitative analysis methods. Unlike 
the usual quantitative approaches, these methods 
do not require numerical parameters. The analyses 
are based on order or dependency relationships and 
therefore adapt to the imprecise but relational 
databases produced by experiments and which are 
typically to be found in Big Data. 

These approaches can be extremely useful when 
structuring and improving the quality of our 
knowledge of large complex systems and the asso-
ciated data. The work done at LISE on models 
dedicated to numerical simulation and the ongoing 
investigation of other models devoted to stochastic 
simulation indicate that their integration into an 
overall approach based on qualitative reasoning 
would be both pertinent and effective [4] [5]. Additional 
modelling and analysis techniques are also being 
developed, more specifically to manage sets of scalable 
models (changes to regulations, technologies, etc.) and 
to minimise the volume of data to be stored on-line 
according to the analysis objectives.    

To address the challenges linked to the volume and heterogeneity of Big Data, 
the model-driven engineering laboratory for embedded systems (LISE) at the 
List is developing modelling and qualitative analysis techniques built around its 
Papyrus platform.

[1] www.projekt-eweline.de 

[2] www.eclipse.org/papyrus

[3] Anne Siegel, Carito Guziolowski, Philippe 
Veber, Ovidiu Radulescu, Michel Le Borgne. 
« Optimiser un plan d’expérience à partir de 
modèles qualitatifs ». Biofutur,  
Elsevier - Cachan : Lavoisier, 2007, 275, 
pp.27-31. <inria-00178791>

[4] J-P. Gallois, J-Y. Pierron :  
“Qualitative Simulation and Validation of 
Complex Hybrid Systems”. ERTS 2016. 

[5] S. Medimegh, J-Y. Pierron, J-P. Gallois,  
F. Boulanger. “A New Approach of Qualitative 
Simulation for the Validation of Hybrid Systems”. 
GEMOC 2016. 

To find out more 
The website of the European 
MAS2TERING project: 
www.mas2tering.eu

“New techniques must be 
conceived for effective integration 
of so much data from so many 
varied sources: meteorology, 
energy production and storage, 
distribution grids, consumption.”
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Exploitation of the results of a simulation 
is based on a compute-write-read-
compute sequence. The development gap 
between the capacity of the computers 

and that of the filesystems means that congestion of 
the latter is inevitable. Replacing the write-read 
phase, which is usual for sequencing applications, 
by on-the-fly processing, helps to reduce their 
utilisation. Analysing the data at the same time as 
the simulation calculation is of particular interest to 
the physicists in the CEA Military Application 
Division (DAM). This parallelism uses “helper 
cores” when the applications share the cores of a 
given node. Our initial experiments with this 
approach showed an improvement in the overall 
efficiency of the system. The more sophisticated in-
situ mode translates the intervention by one 
application directly into the memory allocated by 
another. The use of distinct “staging nodes”, isolates 
the simulation even further. These two approaches 
are proposed by PaDaWAn.

PaDaWAn: from I/O delegation  
to code sequencing
The PaDaWAn (Parallel Data Workflow for Analysis) 
software created by the Simulation and Information 
Sciences Department (DAM/DIF/DSSI) constitutes 
a bridge between a code and the storage disks. 
Relying on the I/O (Input/Output) interface in 
place, it switches the transfer operations to separate 
computer resources, thus freeing the simulation 
software from potential filesystem problems. Its 
intervention on the information sent by the code 
and during its transfer, makes it one of the “in 
transit” solutions. By acting as both writer for some 
codes and data reader for others, PaDaWAn enables 
applications to be sequenced without having to use 
the storage units. The helper cores and staging 
nodes approaches, linked to the location of the 
destination application, are proposed to the user. 
On-the-fly analysis evaluated this process very early 

on and visualisation is now a part of this development.

ExaStamp: demonstrator  
of a new finely integrated system
In order to address the needs of Tera 1000-2 type 
HPC architectures (several computers running on 
Intel Xeon® E5 v3 and Intel Xeon Phi® processors), 
the Theoretical and Applied Physics Department 
(DAM/DIF/DPTA) is developing a new conventional 

molecular dynamics code: ExaStamp. This code is 
currently run on hundreds of Intel Xeon Phi® type 
hybrid nodes and can handle simulations of several 
billion atoms. The processing of the massive 
volumes of data generated leads us to envisage a 
technical solution combining the in situ, helper 
cores and staging nodes modes (fig. 1). This solution 
will be able to deal with the majority of study scenarios 
defined by the physicists at the DPTA (fig. 2).    

Without a radical change in practices, the growth in the computing capacity 
of the next generations of computers will lead to an explosion in the volume of 
data produced by numerical simulation. With ExaStamp we are experimenting 
with an alternative solution.

Towards On-the-Fly  
Processing Fig. 1: diagram of in situ system  

with helper cores and staging nodes  
intended for ExaStamp. 
MPI (Message Passing Interface) is the most 
common process used by simulation codes  
for exchanging information between  
the different processors that are involved  
in a parallel calculation.

EXPLOITATION OF DATA FROM SIMULATION CODES EXPLOITATION OF DATA FROM SIMULATION CODES

•
CONTRIBUTORS
(Military Applications Division)

Nicolas Bergeret is an engineer  
in the Simulation and Information  
Sciences Department (DSSI) of CEA’s  
Military Applications Division.

Laurent Colombet s a researcher  
in the Theoretical and Applied Physics 
Department of CEA’s Military Applications 
Division.

Laurent Soulard is a researcher  
in the Theoretical and Applied Physics 
Department of CEA’s Military Applications 
Division.

“Analysing the data  
at the same time as  
the simulation calculation 
is of particular interest  
to the physicists in the CEA 
Military Application 
Division.”

Simulation of Micro-Jetting  
by Conventional Molecular Dynamics.
Micro-jetting is the result of the reflection of a shockwave on 
the outer surface of a material. The presence of a surface defect, 
such as a scratch, can lead to the development of a micro-jet of 
material, which will break up into small fragments (figure 2). 

Conventional molecular dynamics is a fundamental computing 
tool for understanding the jet break-up mechanisms. In order 
to be representative of real systems, the simulation must 
comprise several hundred million atoms and nearly 30% of the 
total computing time is devoted to analysing terabytes of data 
produced. With ExaStamp, these calculations can be performed 
on architectures which are the forerunners of the future exaflop 
computers, such as Tera 1000-2.

Fig. 2: after reflection of a 
shockwave on a grooved surface, 
a planar jet forms (top) and then 
breaks up into droplets (bottom). 
Calculation performed with the 
ExaStamp code on the TERA-100 
machine.

Olivier Durand is a researcher in the 
Theoretical and Applied Physics Department  
of CEA’s Military Applications Division.
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•
BY 
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(Technological Research Division)

Florian Gosselin is the Scientific Officer  
of the Ambient Intelligence and Interactive 
Systems Department (DIASI) at the List 
Institute.

“These techniques were 
originally developed  
for the remote-control  
of robots or to interact with 
industrial digital simulations 
and can be used both to 
manipulate virtual objects  
and facilitate the operator’s 
movements.”

Computer systems generate constantly increasing amounts of data. To analyse 
these data, it is important to access them easily, navigate through them and 
interact with them. Over and above the usual problems of visualising these 
data, CEA is working on developing multimodal techniques and interfaces to 
improve human/data interaction.

Data Science  
Accelerator

CEA, the Atos group and the École normale 
supérieure Paris-Saclay decided to join 
forces to create a data science sector in 
France. This partnership, signed on 19 

October 2016, is in line with the strategy of CEA, 
and in particular its Military Applications Division 
(DAM), to support and stimulate the scientific and 
industrial skills necessary for the performance of its 
duties. Since the early 2000s, DAM has thus been 
collaborating with Bull (now Atos), to develop high-
power computers to meet Defence needs but which 
are also of use for research and industry. These 
supercomputers generate massive amounts of data, 
which raises the crucial question of processing and 
analysis, in other words, the question of Big Data. 

The “Industrial Data Analytics & Machine Learning” 
Chair,  created at the ENS Paris-Saclay, in 
partnership with Atos and CEA, brings the best 
students, teachers, researchers and firms together 
around the subject of Big Data. It is built on three 
main pillars. 

The first concerns training (initial and continuing) 
based on the “Mathematics, Vision and Learning” 
Master focusing on data modelling, mathematical and 
algorithm techniques. The second concerns research 
based on the Mathematics and Applications Centre 
(CMLA) and its “Machine Learning & Massive Data 
Analysis” team created in 2012 around 12 researchers. 
Finally, the third is that of innovation and experience 
sharing to benefit the start-ups and SMEs on the 
Saclay plateau.

This chair will help with the emergence of new pro-
fessions and new tools in the field of Data Science in 
order to address the major strategic, technologic or 
economic issues of our society. On behalf of the 
State, it is the role of CEA to be a stakeholder in this 
project and a driving force for excellence in our 
country. 

•
BY FRANÇOIS GELEZNIKOFF
(Military Applications Division)

François Geleznikoff  
is the Head of Military  
Applications Division at CEA.

Signature of the ENS Paris-Saclay / Atos / CEA partnership on 19 October 2016. 
From left to right: Jean-Marie Simon, Managing Director of Atos France, 
Pierre-Paul Zalio, CEO of ENS Paris-Saclay  
and François Geleznikoff, Head of Military Applications Division at CEA.

Augmented Mankind

W ith the progress made in high per-
formance computing, we make use 
of increasingly precise models 
which generate a constantly growing 

quantity of data. The same goes for the increased 
resolution of scientific equipment, let alone the web 
and the Internet of Things. Major challenges will 
therefore need to be addressed for the reliable and 
secure storage of these data, but also for accessing 
them. Even if, in certain cases, display on a very high 
resolution screen is sufficient to understand the un-
derlying information, it is often necessary to browse 
through and manipulate them. The List Institute has 
developed multimodal techniques and interfaces to 
meet this need.

For example, the Interactive Simulation Laboratory 
has developed software solutions integrating move-
ment capture peripherals into industrial scene 
simulation environments. These technologies enable 
the movements of a user to be measured in an extre-
mely natural way and thus make it possible to 
control a computer system through gestures. This 
solution is effective for browsing through a digital 

environment and manipulating data but, in the 
absence of any haptic feedback, the user cannot 
perceive their presence physically and cannot touch 
them. The Interactive Robotics Laboratory is 
developing force feedback interfaces which, provided 
that physical properties are associated with the data, 
allow enriching such natural gesture interactions 
with haptic sensory feedback generated when the 
user is in proximity or contact with them. These 
techniques were originally developed for the 
remote-control of robots or to interact with indus-
trial digital simulations and can be used both to ma-
nipulate virtual objects and facilitate the operator’s 
movements. Their use could easily be extended to 
Big Data. The same applies to the technologies 
developed by the Sensorial and Ambient Interfaces 
Laboratory: tangible interfaces facilitating the 
manipulation of educational content; smart objects 
for interaction with data related to emergency 
situations analysis in cybersecurity; smart rendered 
surfaces. 

These few examples show that the List Institute has a 
full range of solutions for human/data interactions. 

Example of force feedback glove for dextrous interactions in a virtual 
environment. This glove was developed under the ANR MANDARIN  
project, for which Florian Gosselin’s team received the ANR Economic Impact 
2017 award.

THE ENS PARIS-SACLAY / ATOS / CEA CHAIR THE HUMAN / DATA INTERFACE
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The ENS Paris-Saclay, Atos and CEA created the “Industrial Data Analytics & 
Machine Learning” Chair at the end of 2016. Training, research and support for 
the development of start-ups are the pillars of a unique project to create a Data 
Science sector in France, at the heart of the Saclay plateau.

To find out more 
The press release sent out on  
20 October 2016 (only in French):  
www.cea.fr/presse/Pages/
actualites-communiques/
institutionnel/ens-atos-cea-chaire-
data-science.aspx

© CADAM / CEA

Margarita Anastassova is an expert in the 
Sensorial and Ambient Interfaces Laboratory 
(Ambient Intelligence and Interactive 
systems Department) at the List Institute.
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Data Visionaries
Interview with Martial Mancip, research engineer at CNRS and coordination 
supervisor of the Mandelbrot platform in the “Maison de la Simulation”.

What does your job consist of?

The Maison de la Simulation is an extreme com-
puting service and assessment unit open to scientific 
communities. It is within this framework that, with 
the Mandelbrot platform, a stakeholder in the 
Digiscope project, we are developing scientific 
visualisation and data analysis methodologies for 
researchers. 

Today, in light of the growing volumes and complexity 
of data produced by simulation, for instance in 
climatology [see page 27] or in medical imaging [see 
page 36], visualisation can no longer be considered 
to be simply a step in the post-processing of calculation 
results. Innovative and interactive tools for use by 
everyone must be developed: this is the purpose of 
our approach.

How can this platform be described?

It is a 4.3 by 2.4 metre stereoscopic video wall offering 
a resolution of 33 million pixels and connected to a 
video studio capable of managing 12 DVI sources, 

including from a high-performance graphic cluster. 
This studio enables us to obtain a very large number 
of working scenarios on the wall. The data to be 
visualised are processed by this cluster consisting of 
4 rendering nodes (128 Gb memory, 12 cores, 2 NVI-
DIA K5000  GPU ) and a high performance  SMP   
node  (2 Tb memory, 1 K5000 GPU, 64 cores) plus 80 
Tb of Lustre storage. Two sources are also available 
in the room, including one HDMI for “live” connec-
tions.

What is gained from this performance?

It is essential in developing methodologies which help 
accelerate and facilitate the analysis time for the 
simulation data, in particular when series of results 
have to be compared or sorted, as is the case with 
meteorology or brain imaging. 

These developments also open the door to “real time” 
display of data from the large national computers. 
The aim is to offer users the ability to interact, run the 
calculation and control the values of the parameters 
influencing the simulation.  

To find out more 
www.maisondelasimulation.fr/en

The Mandelbrot platform is a 
stakeholder in the Digiscope project: 
www.digiscope.fr/en

Ensuring  
Maximum Confidence 

From baby monitors to industrial installa-
tions, digital technology is assuming an 
important place in our daily lives. Software 
is controlling and producing large amounts 

of data about the status of numerous systems, and 
their interactions. These systems are ideal targets 
for anyone wishing to compromise them for 
strategic or criminal purposes, or simple vandalism. 

Confidentiality and integrity are essential to ensure 
that data is not divulged or manipulated without 
authorisation. There are various techniques, among 
which there are cryptographic capabilities such as 
signature and encryption, that rely on proven 
mathematical guarantees. Today they are evolving 
to allow end-to-end data encryption, including 
during processing phases. When combined with 
decentralised replication strategies, they make it 
possible to create distributed, transparent and 
unfalsifiable databases. 

When an intruder intends to take control of a system, 
he frequently uses errors in the implementation of 
its software. To counter this, these vulnerabilities 
must be detected among the millions of lines of code 
that constitute a digital system. The Frama-C code 
analysis platform uses reasoning techniques to 
demonstrate the absence of certain flaws. These 
tools are primarily used in fields such as energy or 
transports but are being extended to the analysis of 
complex security policies and security certifications.

In addition to these two topics, CEA is developing 
cognitive security approaches to networks, threat 
analysis and resilient electronic circuits, through 
internal cross-cutting programmes. Faced with the 
billions of “smart” objects that surround us and for 
which digital technology forms the invisible 
infrastructure, its teams are placing themselves in a 
unique position to take up the security challenge. 

BIG DATA TECHNOLOGIESBIG DATA TECHNOLOGIES DATA VISUALISATION DATA PROTECTION

Mathematics and automated reasoning are innovative strategies to overcome 
the challenges of cybersecurity.

•
MARTIAL MANCIP

Martial Mancip is research 
engineer at CNRS and coordination 
supervisor of the Mandelbrot 
platform in the “Maison de la 
Simulation”.

•
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Florent Kirchner is head of the Software 
Security and Safety Laboratory  
(Software and systems engineering 
Department) at the List Institute.

Julien Signoles is an expert scientist  
in the Software Security and Safety 
Laboratory (Software and systems 
engineering Department) at the List 
Institute.

Sara Tucci  is head of the Blockchain 
Programme in the Software and Systems 
Engineering Department (DILS) at the List 
Institute.

“Faced with the billions  
of “smart” objects that 
surround us and for which 
digital technology forms  
the invisible infrastructure, 
its teams are placing 
themselves in a unique 
position to take up  
the security challenge.”

“Today, in light of the growing 
volumes and complexity of  
data produced by simulation, 
visualisation can no longer  
be considered to be simply  
a step in the post-processing  
of calculation results.”

Analysis and visualisation of execution 
traces to understand and improve  

the performance of an application.
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 GPU 
Graphics Processing Unit used to speed  
up the calculation,  
owing to its highly parallel structure.

 SMP NODE 
Calculation node with multiple identical 
processors with a shared memory  
(Symmetric shared Memory Multiprocessor or 
SMP) helping to increase the computing power.
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Opportunities with Prudence

The “Big Data” technologies developed by CEA benefit all of its areas of 
research: defence and security, nuclear and renewable energies, fundamental 
research in the physical and life sciences, technological research.

SCOPE OF 
APPLICATION

SCOPE OF APPLICATION

With regard to economic intelligence, there 
are three issues linked to the exploitation 
of data: at a defensive level, the detailed 
profiling of the activity of an organisation 

from open data is now possible; at a strategic level the 
decision-makers can gain a competitive edge by extracting 
knowledge and on a legal level, there are questions, for 
example regarding the interconnection of several files 
with different purposes.

Data are today omnipresent at CEA. Quite apart from 
processing and storage, they also have to be catalogued, 

secured and provision made for updating. Improving the 
methodological approach and the security governance 
and management tools is therefore necessary.

To share or protect information? As its value lies in the 
reactivity of its exploitation and distribution, confiden-
tiality must not be a pretext for locking information 
away. However, the transition to a global view of security 
is necessary. Consideration must be given less to the in-
dividual sensitivity of the information than to the 
knowledge deduced from a sum of apparently innocuous 
information. 

BIG DATA TECHNOLOGIES DATA PROTECTION

For once, the CISO likes Big Data for the 
simple reason that he is himself an avid 
user! In recent years, the volume of data 
generated by information systems supervision 

has shown the limits of traditional processing (10 years 
ago, we were particularly worried about the performance 
of our  SQL  databases). Big Data technologies not only 
made it possible to collect, store and mine massive 
volumes of increasingly less structured data, but also to 
utilise the sum of the information collected to identify 
what is potentially dangerous, for example an attempted 
or successful cyberattack in the activity of 2,000 users 
on the company information system. This change is more 
than just opportunistic, it is also inevitable. Who could 
imagine human analysis still being conceivable without 
a “machine”, when the permanent growth in volumes is 
at least proportional to that of the cyber-threat? It is 
therefore no surprise that CEA’s supervision systems are 
built on technologies such as Splunk (commercial) or 
Elasticsearch (open source) for extracting nuggets from 
the massive data in the logs. 

Big Data also triggers new concerns. Confidentiality can 
no longer be looked at simply in terms of the isolated 
data, but also the information that it makes it possible to 
acquire when collected in bulk. This variable geometry 

confidentiality is far harder to define. How does one deal 
with the loss of integrity of the unit item of data within 
this opaque mass? What is the potential impact of 
modifying an item of data – be it by error or with 
malicious intent – on the quality of overall processing 
and how does one detect it? Finally, how does one ensure 
the availability of an increasingly distributed processing 
system dependent on the network between its various 
nodes,  especial ly  in constrained and isolated 
environments? Even if the Big Data tool has shown its 
effectiveness, it must still prove its resistance and 
resilience.  

The Big Data Challenge for  
Chief Information Security Officers
A company’s CISO is rarely a fan of new practices. By nature mistrustful, some would 
say paranoid…. What attitude should he take to Big Data?

•
BY FRÉDÉRIC  
MARIOTTE,  
JEAN-PIERRE CHICAN 
AND JEAN-FRANÇOIS 
PROFICHEL  
(CEA Central  
Security Division)

 SQL 

Acronym for Structured Query 
Language, SQL is a standardised 
computer language used to exploit 
relational databases.

•
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Find the complete version of the article on: cea.fr/english/Pages/resources/clefs-cea/big-data/economic-intelligence.aspx
Read also Les Défis du CEA (n°218 - only in French): cea.fr/multimedia/Pages/editions/defis.aspx

BIG DATA AND ECONOMIC INTELLIGENCE
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Cracking Big Data  
with Statistical Physics Science and the City

•
BY 
MARC BARTHELEMY
(Fundamental Research Division)

Marc Barthelemy is a researcher 
at the CEA Institute for Theoretical 
Physics (Fundamental Research 
Division) and an expert  
in the statistical physics of complex 
systems.

At a time when political decision-makers 
are actively looking for new urban plan-
ning paradigms, understanding and 
modelling the structure and development 

of cities is more important than ever before. Building 
a science of cities to help shed light on urban plan-
ning decisions would now appear to be at hand, 
thanks to the enormous mass of available data. 
New data sources such as GPS or mobile telephones 
in particular offer an instantaneous and unprece-
dented snapshot of the activity of a city and of its 
structure. By measuring the position of each user, 
the density map thus produced reveals the mono-
centric nature of small towns (a single centre of ac-
tivity) while, for the larger towns, there is a polycentric 
structure with several centres of activity (see figure). 

The degree of “polycentricity” can thus be charac-
terised by the number of activity centres H and we 
demonstrated that it varies sublinearly H~P^β(β<1) 
with the population P. Hitherto, no spatial economic 

theory model and no agent-centric simulations have 
been capable of explaining this empirical fact. We 
thus proposed a simple model - whose predictions 
tally with the empirical data – which shows that 
road traffic congestion lies at the heart of the formation 
of polycentric structures. It accurately reproduces 
the sublinear evolution of the number of activity 
centres but can also predict the superlinear evolution 
of CO2 emissions by transports and the time spent 
in traffic jams as a function of the town’s population. 
When verified against data for American cities and 
OECD countries, these results suggest that a town 
based on the private car is not sustainable and that 
this type of organisation will necessarily come up 
against insurmountable problems. This example 
clearly illustrates how the data contribute to the 
construction of robust theories, which can then help 
with decision-making for urban planning. 

The recent availability of a large mass of data on urban systems opens the door to 
a science of cities with solid and empirically tested foundations.Methods stemming from decades of research on disordered materials are 

used to describe algorithmic phase transitions, and to design new algorithms 
in machine learning problems. 

Density (increasing from light to dark)  
of mobile phone users (in the morning) for 
Saragossa and Bilbao. In Saragossa,  
the density falls off away from a single centre, 
whereas in Bilbao, several activity centres  
are visible, which in this particular  
case form a non-trivial spatial structure.

SCOPE OF APPLICATION SCOPE OF APPLICATIONA THEORETICAL APPROACH TO DATA A THEORETICAL APPROACH TO DATA

[1] L. Zdeborová (2017).  
Machine Learning : New Tool in the Box. 
Nature Physics.
[2] F. Krzakala, M. Mézard, F. Sausset, 
Y.F. Sun, et L. Zdeborová (2012).  
Statistical-Physics-Based 
Reconstruction in Compressed Sensing.  
Physical Review X, 2(2), 021005.
[3] F. Krzakala, C. Moore, E. Mossel,  
J. Neeman, A. Sly, L. Zdeborová,  
and P. Zhang (2013).  
Spectral Redemption in Clustering 
Sparse Networks. Proceedings  
of the National Academy of Sciences, 
110(52), 20935-20940.
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To find out more 
All about urban systems  
and quantitative geography: 
www.quanturb.com
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“New data sources such  
as GPS or mobile telephones in 
particular offer an instantaneous 
and unprecedented snapshot  
of the activity of a city and of its 
structure.”

Data analysis and machine learning are 
finding applications in many fields of 
fundamental sciences, and theoretical 
physics is no exception [1]. My group at 

IPhT explores the opposite direction by leveraging 
methods developed originally in studies of materials 
such as glasses or disordered magnets to obtain 
theoretical understanding of problems in data 
science and machine learning.

In the word Big Data, the adjective “Big” stands not 
only for the fact that a large hard disk is needed to 
store the data, but also for the fact that the dimen-
sionality of each data point is large. A simple 
example is the task of linear regression: whereas we 
need only two parameters to fit a straight line 
through a set of data points, present applications 
usually deal with data where each point lives in a 
high-dimensional space and the number of fitting 
parameters corresponds to the dimension. Many of 
the theoretical challenges in statistics stem precisely 
from this large dimensionality. Yet models studied 
in statistical physics are mathematically equivalent 
to some of those in high-dimensional statistics. 

In data science, models are usually used to guide the 
design of algorithms. In physics, models (often the 
same ones) are studied with the somewhat more 
academic goal of understanding their behaviour 
per se. In particular, statistical physics is often 
concerned with phase transitions, i.e. abrupt 
changes in behaviour. Interestingly, there is a deep 
correspondence between physical phases such as 
liquid, super-cooled liquid or glass, and solid, and 
regions of parameters for which a given data analy-
sis task is algorithmically impossible, hard or easy. 
Quantification of these phases in various data 
science problems is one of the main goals of my 
group’s research. 

Interestingly, this endeavor oriented towards un-
derstanding of models per se inspires development 
of new classes of algorithms. Examples of this were 
developed in IPhT and include design of measure-
ment protocols for compressed sensing inspired by 
nucleation in physics [2] or a new class of spectral 
algorithms designed for sparsely related datasets [3]. 
Currently the team holds an ERC Starting Grant to 
pursue this research direction focusing on various types 
of neural networks as arising in Deep Learning. 

Liquid

Impossible

Supercooled Liquid

Hard

Solid

Easy

As decreasing temperature induces  
order in nature, in data analysis increasing 

number of samples per dimensions  
renders learning algorithmically easier. 
Sharp phase transitions appear in both.
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Big Data at the LHC: 
Already 15 Years!

•
BY 
JEAN-PIERRE MEYER  
AND BRUNO MANSOULIÉ
(Fundamental Research Division)

Jean-Pierre Meyer is head of science at the 
Ile-de-France research grid in the Particle 
Physics Department of the Institute for research 
into the fundamental laws of the Universe 
(Fundamental Research Division at CEA).

Bruno Mansoulié is a researcher for the  
ATLAS project in the Particle Physics 
Department of the Institute for research into  
the fundamental laws of the Universe 
(Fundamental Research Division at CEA).

In partic le  physics ,  in  order  to  detect 
rare processes, you really have to pull 
o u t  a l l  t h e  stops, in terms of particles of 
course, but also energy – if the object being 

looked for is heavy, and time. Time to design a 
machine and gigantic detectors capable of 
reproducing the conditions which existed right at 
the beginning of the Universe.

At CEA, the Institute for research into the 
fundamental laws of the Universe (IRFU) has for 

more than 25 years been involved in designing and 
building the  Large Hadron Collider  (LHC) at  CERN   
and three of its four detectors (ALICE, ATLAS and 
CMS). The scientific goals were then to search for 
the Higgs boson and new physics  beyond 
the  Standard Model . Everything had to be invented 
and we did not know how we would deal with the 
10  petabytes  (Pb) that the LHC was going to produce 
each year, but we were relying on the time it would 
take to build the machine and on  Moore’s law .

The genesis of the Worldwide 
LHC Computing Grid (WLCG)
At the end of the 90s, with the growing success of 
the Internet, the idea of building a distributed 
computing and data grid emerged, based on the 
existing national centres for high-energy physics 
and networks. In this model (MONARC), CERN acts 
as the primary centre ( Tier0 ), connected to the 
national centres ( Tier1 ) via the LHCOPN static 
private network. Tier0 and each Tier1 use magnetic 
media to store the raw data from the detectors and 
then process them by reconstructing the events. 
The  Tier2  centres, near or in the laboratories, 

receive these data for analysis and simulate the 
events to compare the theoretical predictions with 
the observations. This effort was supported by 
Europe with a series of projects and led to the 
creation of the EGI grid. The American OSG grid 
and that of the Nordic countries (NorduGRID) 
interoperate with EGI. In total, WLCG currently 
comprises 14 Tier1 and about 200 Tier2, all 
interconnected by research networks; GEANT in 
Europe and RENATER in France. A new dedicated 
dynamic network (LHCONE) has since 2013 
interconnected the large Tier2 centres and the Tier1 
centres to relieve the load on the frequently 
saturated internet links.

Taking up the data processing challenge for the Large Hadron Collider (LHC) 
meant that we had to be inventive, pragmatic and patient. Changes are now 
needed to deal with the order of magnitude increase in the volume of data, for 
the LHC’s high luminosity period (HL-LHC).

SCOPE OF APPLICATION SCOPE OF APPLICATIONBIG DATA AND LARGE SCIENTIFIC INSTRUMENTS / PARTICLE PHYSICS BIG DATA AND LARGE SCIENTIFIC INSTRUMENTS / PARTICLE PHYSICS

Fig. 1 : left: an illustration of the hierarchical structure of the WLCG.  
Right: a snapshot of the grid in action (beginning of March 2017) with 368,244 tasks  
being run and an exchanged data stream of 27.61 Gbit/s. Each green line in the right-hand 
figure represents a data interchange between two sites on the grid.

 LARGE HADRON COLLIDER - CERN 
To explore the components and laws of the Universe, CERN more 
particularly uses the Large Hadron Collider (LHC): this is a 27 
kilometre-long ring in which 2 high-energy proton beams circulate 
at a speed close to that of light. The counter-rotating protons are 
brought into collision at 4 points around the ring, each equipped 
with a large detector (ALICE, ATLAS, CMS and LHCb) which records 
the secondary particles created by the collision.

 STANDARD MODEL 
This is the best known description of all the basic components 
of matter and the fundamental interactions  
(strong, weak and electromagnetic) between them.  
The consistency of this model is based on the existence  
of a very special particle, the Higgs boson,  
the discovery of which the CERN announced in 2012.

 PETABYTES    See definition p. 2

 MOORE’S LAW 
This posits the doubling of computer power and the complexity 
of computer hardware, on average every 18 months. 

 TIER0, TIER1 and TIER2 
These levels are used to designate complementary  
resources at various levels: European (Tier0), national (Tier1) 
and local (Tier2).

Fig. 3 : quantities of data written on magnetic tape in Tier0 during the first years of data collection at the LHC.  
About 75% of the data come from the LHC.
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Fig. 2 : observation of the Higgs boson  
in the ATLAS detector in the channels 
decaying the Higgs into two photons (left) 
and 4 leptons (right).
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As Close as  
Possible to Data

WLCG at CEA
In 2003, alongside IN2P3 (CNRS), IRFU 
committed to the construction of a common 
Tier1, the CC-IN2P3 in Lyon. In 2005, together 
with its partners, it created a distributed Tier2 in 
the Ile-de-France region: GRIF. Through this 
infrastructure, the data to be analysed are 
accessible to the physicists at IRFU less than 4 h 
after they are collected at the CERN. 

Finding the Higgs boson
In 2012, to reveal the existence of a new particle 
with the characteristics of the Higgs boson, we 
processed a phenomenal quantity of data: 
reconstruction of traces, of energies, of entire 
events, statistical sorting, etc. At the same time, 
we had to produce a very large number of 
simulated events from theory, in order to 
compare them with the experimental data.

At the end of 2012, the LHC had produced 50 Pb 
of data, distributed among tens of millions of 
files. The unit used for the analyses is the dataset, 
grouping together the files of data taken in the 
same conditions. A set of catalogues centralised 
at CERN is replicated on each site and gives 
access to this information anywhere on the grid. 
An analysis thus consists in selecting the events 
with the same signature from a range of datasets. 
The analysis request is sent to a central system 
which breaks it down into individual tasks 
transmitted to the available centres. The user can 
monitor the progress of the tasks in real time and 
retrieve the files produced by his analysis code. 
Depending on the volume, the files are copied 

directly to the workstation or to a laboratory 
cluster. The final analysis step – optimising the 
signal to noise ratio and estimating uncertainties 
– is generally performed locally.

New challenges for the WLCG
Despite the discovery of the Higgs boson, 
numerous questions remain. What are the 
quantum properties of this particle? What is the 
physics beyond the Standard Model? 

CERN has defined the roadmap for the LHC until 
at least 2035. It alternates between data taking 
campaigns of 2 or 3 years and periods spent 
improving the LHC and the detectors. For each 
campaign, the number of collisions produced per 
second is increasing, and so therefore is the 
volume of data recorded: 35 Pb were produced in 
2016 by RUN2 and we anticipate about 100 Pb 
per year for RUN3 and 400 Pb for the HL-LHC 
period (RUN4).

This time, we will not be able to rely on an 
increase in integration density at constant price, 
for both computing and storage. A profound 
change in the computing and data distribution 
models will be needed. For RUN2, WLCG has 
already made increasing use of the only resource 
which continues to grow, network bandwidth, in 
order to reduce its disk storage needs. This 
means less data replication, more remote 
accesses and dynamic routes to overcome on the 
fly network breaks. For RUN3, the export of only 
reconstructed data to the Tier1 centres is being 
envisaged, for a factor 20 gain in the size of the 
events. CERN is also proposing to create a “data 

and computing cloud” dedicated to the LHC with 
about ten centres interconnected at 1 and then 10 
Tbit/s and only the Tier2 centres with bandwidth 
of about 100 Gbit/s to contribute computing 
power for simulation. The HPC resources 
available in certain countries, including the 
United States, would also be put to greater use, 
as it is already the case on an opportunistic basis.

Adaptation of the networks and computing 
resources in France is a key issue if the physicists 
in the national laboratories are to maintain the 
very important role they have played so far in 
research at the LHC, more particularly in the 
discovery of the Higgs boson. 

A s early as 1946,  John Von Neumann  en-
visaged using the  ENIAC  for numerical 
weather prediction. Together with the 
meteorologist Jule Charney, they made 

the first weather forecast in 1950. Although far from 
perfect, the result was encouraging: this was the 
starting point for numerical weather prediction and 
climate modelling. 

Models are progressing as fast as computers and 
their resolution is increasing. The prediction time-
frame has extended from a few hours to a few days. 
In about 1970, the first climatic studies simulated a 
month of January and July. Today, simulations 
covering several centuries are common, sometimes 
even several thousand years. The models gradually 
integrated the representation of soils and vegeta-
tion. “Earth system” models appeared in the 1990s, 
coupling oceans, sea ice, atmosphere, soils and 
vegetation, along with the carbon cycle and atmos-
pheric chemistry. Ensemble simulations enable the 
uncertainties to be studied.

After the first  IPCC  report in 1990 and the Rio summit 

(1992), climatologists from around the world got 
together to develop the science of climate modelling 
and produce climatic scenarios for the future on the 
basis of socio-economic development scenarios. 
Making the results available enables expertise to be 
shared for validating the models and understanding 
the climate, but also for impact assessments. In the 
1990s, the teams were providing monthly averages 
of climatic variables over periods of a few decades. 
These data were centralised. In 2011, the community 
created the Earth System Grid Federation, a network 
of computing and storage centres associated with 
a common database enabling several tens of 
thousands of scientists worldwide to access hundreds 
of petabytes of data.

Users today must download the data they want to 
analyse on their computer. But scientists need high 
frequency access (daily or hourly) to study the 
statistics of extreme events (storms, droughts, 
floods, cyclone paths, etc.). Analysis and therefore 
computing capacity needs to be developed as close 
as possible to the data source. 

Climatic simulations produce petabytes of results, which are made available 
to the scientific community, in order to pool expertise for validation of the 
models, comprehension of the climate and impact assessments.

SCOPE OF APPLICATION SCOPE OF APPLICATIONBIG DATA AND LARGE SCIENTIFIC INSTRUMENTS / PARTICLE PHYSICS BIG DATA AND LARGE SCIENTIFIC INSTRUMENTS / CLIMATOLOGY

Numerical climate models are built around two “dynamical cores”, one for the ocean and the other 
for the atmosphere, resolving fluid mechanics equations on a rotating sphere.  
This is the “Earth system” model. The figure shows the meshing of the two dynamical cores.  
The meshing on the continents is that of the atmosphere. The limit conditions used by each 
medium are the data provided by the other model, with an exchange frequency ranging from one 
hour to one day.

•
BY OLIVIER MARTI 
(Fundamental Research Division) 

Olivier Marti is a researcher at the Climate  
and Environmental Sciences Laboratory  
(CEA Fundamental Research Division).

To find out more 
A history of climate modelling: 
 www.history.aip.org/history/
climate/GCM

The IPCC website: www.ipcc.ch

the ESGF website  
(Earth System Grid Federation): 
www.esgf.llnl.gov
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Fig. 4 : LHC schedule: RUN3 should enable 10 times more data than RUN1 to be collected and RUN4 10 times more than RUN3.

 JOHN VON NEUMANN 

John Von Neumann (1903-1957) was an 
American mathematician and physicist.  
He made major contributions to various 
scientific fields, including computing,  
and gave his name to the architecture  
used in virtually all modern computers. 

 ENIAC 
Acronym for Electronic Numerical Integrator 
And Computer. The ENIAC (1946-1955)  
was the first all-electronic computer, built to 
resolve calculation problems.

 IPCC 
The Intergovernmental Panel on Climate Change 
was set up in 1988.
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Terabytes for  
Understanding the Climate
Several tens of satellites are permanently observing the Earth and enable important 
climate indicators to be monitored. This would not have been possible without 
developments in computing in recent decades.

Within the atmosphere monitoring service of the European Copernicus 
programme, CEA is in charge of monitoring carbon dioxide sources, sinks 
and concentrations worldwide.

Satellite observation of the Earth 
began in 1960, barely three years 
after the first Sputnik. High quality 
weather forecasting requires global 

observation of the atmosphere – including in 
regions not covered by instrumentation on the 
ground. The development of observation 
satellites was therefore driven by meteorology 
and by defence applications. 

The first measurements were taken in the 
visible light spectrum, providing information 
similar to that of the human eye (such as 
cloud cover). On-board instruments were 
subsequently able to use a far broader spectral 
range – from UV to radio waves – to measure 
the temperature of the surface or the atmos-
phere, the composition of the atmosphere, the 
vegetation distribution, sea levels and so on. 
Hence the advantage of also using these satel-
lites for climatic applications. More recently, 
some have been specifically developed for this 
purpose.

Satellites send their observations in digital 
format to the reception stations, in real time 
or slightly deferred. Data is transferred at a 

Against a backdrop of air quality and 
climate change, a growing number of 
sectors of society are demanding reliable 
information about the composition of 

the atmosphere, whether locally or globally. The 
reliability requirement concerns both the quality of 
the information and the continuity of the data 
stream for the development of long-term strategies 
(mitigation, adaptation, trade, etc.). The atmosphere 
monitoring service of the European Copernicus 
programme (CAMS) collects atmospheric measure-
ments from a large range of observation systems and 
combines them with sophisticated physical models 
in order to produce these data. This operational ser-
vice is managed by an international institution, the 
European Centre for Medium-Range Weather Fore-
casts, based in Reading, United Kingdom.

CEA has been a part of this adventure since it was 
created in 2005, by supervising the component 
attached to the monitoring of sources, sinks and 
concentrations of the main greenhouse gases heavily 
affected by human activities: carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O). It also de-

veloped and operated the processing chain for CO2. 
Twice a year, this chain analyses the space-time 
gradients in the atmospheric concentrations measured 
around the globe over the course of the past four 
decades, in order to deduce the sources, sinks and 
concentrations of this gas over the same period, with 
an increasing degree of accuracy. This inverse 
problem is inadequately formulated mathematically 
and is particularly large (10 million variables to be 
estimated from 8 million observations). It is statis-
tically resolved using a sophisticated  Bayesian   
 approach  and using information on atmospheric 
transport. Generating each product takes 1 month 
on about 350 cores intermittently mobilised in the 
CEA research and technology computing centre 
(CCRT). It generates 200 gigabytes of data. By com-
parison with the other inversion products available 
in the scientific community, the characteristics of 
this product are its long chronological series and the 
processing of recent data: the delay of the products 
of less than two years by comparison with real-time, 
is due more to the availability of measurements than 
to processing limitations.  

rate of about 10 Mb/sec. So, despite data for-
mat optimisation, an instrument transmits 
several hundred Gb every day.

After calibration, these measurements take 
the form of  radiance  in a given  spectral 
band . To transform them into usable parame-
ters (temperature, composition, windspeed, 
etc.), processing algorithms are applied. This 
processing, which sometimes demands large 
amounts of computing time, generally leads to 
compression of the information, with a “final” 
product that is less voluminous than the raw 
measurement.

The distribution of the measurements and 
products resulting from these observations is 
open and generally free of charge. Owing to 
the volume of data to be managed, specialised 
processing and distribution centres have been 
set up. They offer access (web, ftp) to the raw 
data and to the products and, for some of 
them, allow work to be carried out on the 
space data – without data transfer – via a user 
account.  

Satellite

Reception stations

Free Access to Data

Processing and 
distribution centre

IN DATA

•
BY 
FRANÇOIS-MARIE 
BRÉON 
(Fundamental Research Division)

François-Marie Bréon is a 
researcher and deputy director  
of the LSCE. 

The Hunt for  
Greenhouse Gases

Frédéric Chevallier is research director  
at CEA and in charge of the Inverse Modelling 
team for atmospheric and satellite 
measurements at the LSCE. He studies 
Bayesian estimation methods for large-scale 
problems, in particular for the carbon cycle. 
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 BAYESIAN APPROACH 

Approach based on Bayesian inference,  
a method allowing deduction of the  
probability of an event from that of  
other events already evaluated and based 
primarily on Bayes theorem. 

This theorem is the result of work by  
Reverend Thomas Bayes (1702-1761),  
published posthumously, and subsequently 
confirmed by France’s Pierre-Simon de Laplace 
(1749-1827).

Artist’s view of an Earth  
observation satellite in orbit 

Data is transferred  
at a rate of about  
10 MB /sec.

To find out more
The European Copernicus programme:  
www.atmosphere.copernicus.eu

The European Centre for Medium Range 
Weather Forecasting:  
www.ecmwf.int

The CEA research and technology 
computing centre (CCRT): 
www-hpc.cea.fr/en/complexe/
ccrt.htm

•
BY 
FRÉDÉRIC CHEVALLIER 
(Fundamental Research Division)

Estimation of CO2 surface  
flows (bottom) and total column 
(top) on 2 June 1980 at 12:00 TU. 

By convention, the negative flow 
values represent sinks (as in most 
temperate northern hemisphere 
terrestrial ecosystems, during  
the growing season and at midday),  
while the positive values indicate 
emissions (as in India during  
the monsoon and at night).
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Colonne totale de CO₂, 2 juin 1980, 12:00 TU

Flux de CO₂ à la surface du globe, 2 juin 1980, 12:00 TU
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T he main goal of the Euclid space mission, 
in which CEA plays a major role, is to 
shed light on the nature of dark energy. 
This essential but unexplained comp- 

onent of the Universe (accounting for nearly 70% of 
its energy content) is responsible for the accele- 
ration in its expansion.

Observing dark energy is an enormous challenge. To 
achieve this, Euclid will use a highly indirect 
method: it will measure the evolution of massive 
large structures in the Universe, which is the result 
of two opposing forces – gravity which structures 
dark matter into filaments and clusters and dark 
energy which acts as a repelling force. Euclid will 
map the structures of the Universe at different times in 
its evolution, utilising the fact that these structures 
affect the propagation of light rays in proportion to 
their mass (gravitational lens phenomenon), thus 
deforming the images of objects situated behind 
them. Euclid will measure these deformations on the 
images of a billion and a half galaxies covering more 
than one third of the sky. To do this, it will carry two 
cameras formed of 36  CCD  for the visible side and 
16 detectors for the infrared side. 

The stream of raw data produced, at more than 1.5 
billion km from Earth, will be about 100 Gb per day 
for the six years of the mission, to which must be 
added an at least equivalent volume of additional 
data from ground observatories. 

The challenge lies as much in this volume as in the 
processing requirements: the images are to be 
processed immediately on reception in order to 
detect any deterioration in on-board performance. 
The processing algorithms must also be closely 
monitored, owing to the precision needed to extract 
the signal of cosmological interest. Finally, the most 
advanced processing is required on the entire 
area covered by the observation, thus making the 
organisation of the process more complex, as it cannot 
simply following the rate of acquisition. 

To that end, Euclid will rely on several data centres 
distributed around Europe. As the data are received 
and the computing centres become available, a coor-
dinator system will distribute complete datasets for 
processing and will organise the high level processing 
from a second distributed archive system.   

Likes Data
Euclid

•
BY MARC SAUVAGE 
(Fundamental Research Division)

Marc Sauvage is an astrophysicist and head  
of science for the Ground Segment of the Euclid 
mission in the CEA Astrophysics Department 
(Fundamental research Division / Institute  
for research into the fundamental laws of the 
Universe)

•
BY JEAN-LUC STARCK 
(Fundamental Research Division)

Jean-Luc Starck is director of research and 
head of the CosmoStat laboratory at the CEA 
Astrophysics Department (Fundamental 
research division / Institute for research  
into the fundamental laws of the Universe).

Euclid is a European Space Agency satellite scheduled for launch at the end of 
2020. Its goal will be to shed light on the nature of dark energy, a cosmological 
factor to which we attribute the acceleration in the expansion of the Universe. 
A very real challenge in terms of data stream management!

Mission 
Characterisation of the nature  
of dark energy

Launching date 2020

Partner ESA

Instruments VIS, NISP

Position Position in orbit at  
 Langrange 2 point 
 (located at 1.5 million km from Earth)

Lifetime 6 years and 3 months

KEY FIGURES
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Big Bang 
and Big Data

In cosmology, Big Data could help solve the 
mysteries of the Universe, but could also pick 
holes in Einstein’s theory of relativity. But the 
volume of data acquired poses serious problems 

with calibration, archival and access as well as with 
scientific exploitation of the products obtained. 

Algorithmic and computational challenges
The challenge is to analyse these datasets with 
algorithms capable of revealing signals with a very low 
noise ratio and utilising advanced methodologies: 
learning techniques, statistical tools, concepts from 
harmonic analysis. Acquiring such algorithms is a 
major issue: the ability to do so determines the 
scientific returns from the engagement by the teams 
in international missions. 

These challenges have led to the emergence of a com-
munity combining astrophysics, statistics, computing, 
signal processing and so on. Its goal is to promote 
methodologies, develop new algorithms, disseminate 
codes, use them for scientific exploitation of data and 
train young researchers at the crossroads between 
disciplines. An astrostatistics laboratory was thus 
created at CEA: CosmoStat. 

The theory challenge
For a long time, errors in the estimation of cosmo-
logical parameters came from stochastic effects such 
as instrument noise or the cosmic variance linked to 
very partial coverage of the sky. Hence the use of 
increasingly sensitive detectors and the observation of 
increasingly large sky fields. 

Big Data generates a new type of error, approximation 
errors. As it is hard to estimate certain values with the 
existing technology, approximations are introduced 
into the equations to speed up computing time or ob-
tain an analytical solution. Managing these errors is 
essential in order to derive correct results but this re-
quires a significant theoretical effort. 

The reproducible research challenge
With enormous volumes of data and highly complex 
algorithms, it is often impossible for a researcher to 
reproduce the figures of an article. The reproducibility 
of results lies at the very heart of the scientific 
approach. Hence the principle which consists in 
publishing the source codes operated to analyse the 
data and the scripts used to process the data and 
generate the figures, in addition to the results. This 
reproducible research principle is rigorously applied 
by the CosmoStat laboratory.    

New international projects are ushering in the era of Big Data for cosmologists. Our 
questions about dark matter and dark energy, which on their own account for 95% of 
the content of our Universe, throw up new algorithmic, computational and theoretical 
challenges. The fourth concerns reproducible research, a fundamental concept for the 
verification and credibility of the published results.

Image of the very first light in the Universe, called the cosmic microwave background,  
or radiation at 3 kelvins, published by researchers from the CEA Astrophysics Department.  
Offering exceptional precision, it was reconstructed from data recorded  
by the WMAP and Planck space telescopes, using highly sophisticated mathematical methods.

 CCD 
Charge-Coupled Device used  
in photographic sensors
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To find out more 
The Euclid mission website:  
www.euclid-ec.org

To find out more 
CosmoStat Laboratory:
www.cosmostat.org

Image of the cosmic microwave 
background: 
www.cosmostat.org/research/
cmb/planck_wpr2

“A Manifesto for Reproductible Science” 
www.nature.com/articles/
s41562-016-0021

The “reproducible science” charter
www.nature.com/articles/
s41562-016-0021/tables/1

Find the complete version of this article on: 
cea.fr/english/Pages/resources/clefs-cea/big-data/
big-bang-and-big-data.aspx
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Genomics Is a Big Data Star

In order to understand the celestial objects making up the Universe, astrophysi-
cists are developing 3-dimensional, time-dependent numerical simulations. 
They are generating a constantly increasing quantity of data, which have to be 
efficiently analysed in order to lift the many veils shrouding the mysteries of 
our Universe.

The Universe consists of a multitude of ob-
jects (planets, stars, interstellar space, 
galaxies, etc.) with dynamic behaviour 
that is often non-linear, associated with a 

wide range of spatial, energetic and time scales. 
High-performance numerical simulation (HPC) is 
an ideal tool for understanding how they function, 
using numerical approximations to resolve the com-
plex equations of plasma dynamics coupled with 
processes such as compressibility, magnetism, 
radiation, gravitation, etc. To improve the realism 
of these simulations, more and more spatial or 
spectral resolutions (in energy or wavelength) and 
physical processes must be taken into account 
simultaneously, generating vast data sets for explo-
ration and analysis. Thus, the spatial  discretisation  
of simulated objects requires more and more cells 
to reproduce reality, with the most ambitious calcu-
lations on current petaflop computers reaching up 
to 64 billion cells. Over a period of time, each cell 
follows several fields or physical variables (their 
number increases with the amount of physical 

content) represented by real numbers said to have 
“ double precision ” (stored on 8 bytes). Several 
thousand time steps are necessary to form statisti-
cally significant time averages. The scale of the task 
rapidly becomes apparent if this volume has to be 
multiplied to cover the parameters space, especially 
as exaflop/s computers will tomorrow be able to carry 
out simulations comprising more than a thousand 
billion cells!

To make most use of the data produced, it should be 
pointed out that correlations are not that useful. In 
astrophysics, if a clear physical link is not established 
between the variables, a correlation is of very little 
interest and the dynamics of celestial bodies cannot 
be reconstructed by traditional data mining processes. 
To overcome this difficulty, the international 
community is developing open data bases encouraging 
their analysis through augmenvted interfaces and 
their reutilisation by the largest number possible. 
CEA has launched such a database dedicated to 
astrophysical simulations, as part of the COAST 
project (COmputational ASTrophysics at Saclay). 

More Realistic 
Simulations

F or about fifteen years now, the volume of 
data generated in genomics has grown in 
inverse proportion to the cost of sequen-
cing: for instance, the France Médecine 

Génomique 2025 plan announced in 2016 aims to 
produce several tens of Pb of data per year within 5 
years. The storage, accessibility and exploitation of 
these data are thus problems in their own right. 
Three fields are more specifically concerned: the 
exploration of the diversity of living beings and 
complex ecosystems, functional genomics (see 
boxes) and precision genomic medicine, which 
involves the search for biomarkers by analysing sets 
of heterogeneous data. The question of the volume 
of data is also inseparable from that of their 
accumulation during the course of projects running 
for several years: in the case of precision medicine, 
self-learning mechanisms can be used to enhance 
databases with sequence, phenotype, environment 
and medical  data ,  inc luding a  permanent 
comparison with previously acquired data, to allow 
fine-tuning of diagnostics and identification of 
original biomarkers.

For data processing, two main types of usage have 
large computing requirements: assembly (the de 
novo reconstitution of genomes from raw sequen-
cing data) and the comparison of sequences with 
those already known (fig. 2). These two approaches 
entail both a large quantity of data to be handled 

and the virtual impossibility of calibrating the 
execution time. Tb of data and files of several tens 
or hundreds of Gb are involved, which means that 
they must be as close as possible to the computing 
resources, with appropriate read/write capacity [2]. 
For large-scale genomic projects, the use of cloud 
computing technologies in coordination with the 
HPC systems well-known in the world of physics, or 
more accurately their HTC embodiment, will make 
it possible to benefit from the strong points of these 
different models, that is the input/output and cal-
culation performance of HTC and the elasticity and 
on-demand adaptation of cloud computing [3]. 

Finally, let us look at two fundamental issues in hu-
man genomics. Firstly, data sharing: given the rarity 
of genetic events, the data generated for an indivi-
dual only take on meaning and value if they can be 
cross-checked with numerous databases, ideally 
with all the known genomes [4]. Secondly, data 
confidentiality: nothing is a more precise identifier 
than the genomic sequence of an individual, which 
carries predictive information and in fact goes even 
further, carrying information about their descen-
dants, ascendants or siblings. This aspect remains 
critical, but elegant solutions are emerging, such as 
homomorphic encryption, which allows calculation 
using encrypted data and provides a result which is 
itself encrypted. 

Since the end of the 1990s and the human genome project, DNA sequencing 
technologies have undergone a real revolution, with genomics now well and truly 
a part of the Big Data era.

 

HPC 3-D simulation with resolution 
(2000x2048x4096) of the complete Sun with 

ASH code (Brun et al. 2017).  
We show the radial component of the speed 

(blue = descending). 2 zones should be noted, 
the internal “radiative” zone where  

gravito-inertial waves propagate and the 
external “convective” zone, where turbulent 

motion generates large-scale flows and 
magnetism through a fluid dynamo effect.
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To find out more 
The France Génomique 2025 plan  
(only in French): www.inserm.fr/
actualites/rubriques/actualites-
evenements/plan-france-
medecine-genomique-2025

About data confidentiality:  
www.humangenomeprivacy.
org/2015/index.html

The Genoscope website:  
http://ig.cea.fr/drf/ig/english/

The Tara Oceans website:  
www.oceans.taraexpeditions.org

 DISCRETISATION 
Breaking the computing domain down  
into small cells.

 DOUBLE PRECISION 
Numbers writing system used in computing and 
employing 64 bits (with simple precision only using 
32 bits). Each number is written in the form: 
s×m×2e. “s” is the sign (+ or –), “m” is the 
mantissa containing the significant digits and “e” is 
the exponent of 2 (indicates the order of magnitude).

To find out more 
The COAST project website: 
www.irfu.cea.fr/Projets/COAST
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Preparation of a flowcell, holder for samples  
to sequence with high-throughput technologies.

Find the complete version of this article on: 
cea.fr/english/Pages/resources/clefs-cea/big-data/astrophysical-simulations.aspx
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SCOPE OF APPLICATION SCOPE OF APPLICATIONHEALTH / GENOMICS HEALTH / GENOMICS

Exploring Living Beings  
and Complex Ecosystems 
The Tara Oceans project, in which the 
Genoscope is a major player, aims to use a 
metagenomic approach to explore the planet’s 
largest ecosystem, oceanic plankton.  
As yet little studied, these ecosystems contain 
from 10 to 100 billion organisms per litre of 
seawater. Their impact on global geochemical 
cycles and on the climate is extremely 
important because they absorb half of our 
CO2 production and produce 50% of the 
planet’s oxygen. Despite this, their extraordi-
nary biodiversity has still to be discovered!

To find out more 
The France Génomique website: 
www.france-genomique.org/spip

The CCRT presentation:  
 www-hpc.cea.fr/en/complexe/
ccrt.htm
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Tricks and Twists from a High Throughput Exome Workflow, 
PLoS One, 5; 10(5): e0126321 (2015).
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Processing resultsExperimental data

The massive genome sequencing now 
possible opens the door to numerous 
fields of research in all disciplines: 
biology, medicine, agronomy, biodiversity 

e tc .  ( see  p .  33) .  Faced  wi th  th is  rad ica l 
transformation of the life sciences, France-
Génomique has set up a Big Data infrastructure, 
capable of meeting its needs. This infrastructure 
(see illustration) is installed in the Research and 
Technology Computing Centre (CCRT) within CEA’s 
Very Large Computing Centre (TGCC).

The TGCC hosts both the results of the numerical 
processing by the France Génomique project and its 
experimental  data.  The lat ter  come from 
experiments run by the researchers on DNA 
sequencers and cannot be easily reproduced, unlike 
the  s imulat ions  run  on  supercomputers . 
Consequently, they require special treatment to 
ensure that they are preserved.

These data arrive via the Internet on dedicated 
storage machines. Tests are run to certify their 

conformity and integrity. They are then automatically 
sent to a computerised archival system for 
safeguarding. There, they are referenced in a 
database and two copies are kept on several 
magnetic tapes. 

The data are simultaneously copied to one of the 
parallel file systems at the TGCC for access by the 
supercomputers. Here also, the files of the France 
Génomique project are again identified as critical 
and multiple copies (disks and tapes) are kept in this 
second system. 

The conservation of the experimental results and the 
preservation of their integrity are the foundations of 
the dedicated computing architecture deployed. 
However, computer failures (silent corruption of the 
content of an IT medium, hardware failure on an IT 
equipment item) or operator errors, can occur. It is 
therefore always possible to access a copy of the 
version initially deposited in the system by the 
researchers. 

2007-2017, a Decade of Functional 
Analysis of Mammalian Genomes
The first high-throughput sequencers triggered an 
unprecedented surge in the functional analysis of the 
genomes of humans and model organisms such as mice. 
For the whole genome, they allowed the definition of 
distribution profiles of transcription factors and histone 
marks, which contribute to the epigenetic regulation of 
the genome [5]. This experimental approach, the 
ChIP-seq (immuno-precipitation of chromatin coupled 
with massive sequencing), which has enjoyed worldwide 
success, continues to be widely used and new protocols 
have been developed to characterise the transcription 
phenomena, the chromatin dynamics and the 3D 
architecture of the mammalian genome. The 
management, analysis and interpretation of functional 
genomic data, which accumulate exponentially, require 
an increasing variety of skills. An unprecedented 
collaboration effort between biologists and computer 
specialists is essential in order to keep pace with the rate 
of discoveries and the appearance of new experimental 
approaches. 

•
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Fig. 1: exome analysis workflow [2]. In the readings as a whole, the analyses aim to identify the genetic determinants 
(mutations) involved in various pathologies (rare or complex diseases, cancers). The workflow begins by analysing a set of 
genome “readings”, first of all by comparing each one of them (about 300 million readings per genome) to a reference genome.  
The alignment results are then reindexed according to their position on the genome which, for each sample and position  
by position, enables all the differences (individual mutations, insertions, deletions, genomic rearrangements, etc.)  
with respect to the reference genome (variant calling) to be determined. Finally, all the polymorphisms detected, about  
3 million per genome, must be compared with a set of knowledge databases to find genetic or functional associations  
with biological functions or pathological states. For each sample analysed, this annotation phase generates a standardised 
“vcf” (variant calling format) interchange file which can be re-exploited, re-queried or redistributed.

Satellite map of the 3 Marquesas Islands. The colored eddies 
indicate the presence of plankton. The red color represents 
the most concentrated areas in phytoplankton. The orange, 
yellow and green colors mark a decreased concentration and 
the blue one shows an absence of plankton on the surface.
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View of the data storage and processing 
infrastructure of the France Génomique project. 
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Big Data for  
Better Brain Imaging
•
BY  
BERTRAND THIRION 
(Inria)

Brain imaging is a tool of choice for neuro- 
science, as it gives the main non-invasive 
access to structural and functional aspects 
of brain organization. This is particularly 

the case with the development of Magnetic Reso-
nance Imaging (MRI) since the 90’s, which provides 
measures of brain structure and function. Recently 
however, it has been realized that the conclusions 
drawn from MRI datasets could be fragile from a 
statistical standpoint, which has prompted a shift 
toward large-scale acquisitions and data analysis.

Medical images do not lend themselves to data 
accumulation: data collection is expensive and 
time-consuming, hence the most common trend has 
been to collect data from twenty to thirty subjects. 
The problem is that many hypotheses can be tested 
on such datasets, so that weak data have often been 
overstretched, leading to statistically erroneous 
conclusions: you cannot play 20 questions with nature 
and win! The brain imaging community has thus 
realized that it was necessary to up-scale the whole 
process and work on larger cohorts. Such cohorts 
can rarely be obtained from one site, hence they call 
for cross-site data sharing. For the sake of reprodu-
cibility of discoveries, it is also increasingly required 
to share the data and the analysis tools to support 
publication. 

Impact of big data approaches  
on psychiatric studies
For instance, in psychiatry, brain images are expec-
ted to shed some light on brain diseases, such as 
autism spectrum disorder, where the diagnosis of 
patients remains a major issue. Brain imaging markers 
may provide important signals to better understand 
the nature of the disease and quantitative information 
on the state of the patient’s brain. 

Recently, the Parietal team from Neurospin performed 
such a study with about 900 participants, gathered 
across 17 acquisition centres: they found that 

measuring the interactions strength between remote 
brain regions would provide a diagnosis of only 68% 
(chance would be 50%). Disappointing? Yes, but the 
accuracy increases almost linearly with the number 
of participants (Fig. 1), indicating that larger studies 
would probably yield much stronger results.  
Another positive information gleaned from this 
experiment is that the variability between acquisition 
sites, thought to be a major confounding factor in 
this type of studies, is not more detrimental than the 
variability between individuals when considering 
large enough samples.

Tackling even larger datasets, possibly associated 
with more tests, is thus expected to provide more 
accurate and reliable information, and could ultimately 
lead to a better assignment of subjects to patient 
groups.

Technical challenges ahead
The main difficulty that comes with the increase of 
image dataset size is the computational cost entailed by 
many analysis steps: remember that brain functional 
images are four-dimensional (both spatial and temporal), 
up to the Gigabyte size, so that considering thousands 

of such images quickly becomes a computational 
burden. 

Even before reaching the limits of memory capacities 
of current hardware, massive data blocks render the 
computation dramatically inefficient. The development 
of dedicated compression algorithms is mandatory 
to facilitate the application of image processing and 
statistical analysis procedures, in particular greedy 
machine learning algorithms (see an example deve-
loped by the Parietal team in Fig. 2). There is a need 
for more powerful and efficient algorithms, together 
with the generalization of distributed computation. 
Given the cost of data acquisition, data sharing and 
reuse are key to the future development of brain 
images, as shown by the example of major US and 
UK projects (Human Connectome project, ADNI, 
UK Biobank). It is in this spirit, too, that the Parietal 
team has developed an open-source Python library, 
called Joblib, which optimizes the use of multi-core 
machines and memory, with very little overhead on 
the code. In parallel, to foster data reuse, important 
efforts need to be paid regarding the standardization 
of data formats and organization, such as the BIDS 
format. 

Fig. 1 : gain in statistical power with  
the use of larger cohorts in neuroimaging.  

In this study, the aim is to distinguish autistic 
patients from healthy controls using functional 

imaging (functional connectivity).  
In each curve, one can see that the correct 

classification rate increases with the number  
of subjects included. Moreover, the use of a larger, 

yet more heterogeneous population (right figure) 
leads to higher prediction accuracy.  

Taken from A. Abraham et al., 2016. [1]

[1] Alexandre Abraham, Michael Milham,  
Adriana Di Martino, R. Cameron Craddock, Dimitris 
Samaras, Bertrand Thirion, Gaël Varoquaux. 
Deriving Reproducible Biomarkers from Multi-Site 
Resting-State Data: An Autism-based Example. 
NeuroImage, Elsevier, 2016.

[2] Arthur Mensch, Julien Mairal, Bertrand Thirion, 
Gaël Varoquaux.  Dictionary Learning for Massive 
Matrix Factorization International Conference on 
Machine Learning, Jun 2016, New York,  
United States. JMLR Workshop and Conference 
Proceedings, 48, pp.1737-1746, 2016.

Bertrand Thirion leads the  
Parietal team, an Inria-CEA  
joint team part of the Neurospin 
research center in Saclay.

Fig. 2. : the Human Connectome Project 
resting-state fMRI dataset (4 800 volumes  
per subject, in 1100 subjects) aims at delineating 
the main brain networks with consistent activity 
across time. The resulting data volume is 2 
Terabytes. State-of-the art dictionary learning 
techniques lead to prohibitive computation (left). 
Data downsampling (middle) improves 
computation time, but at the expense of quality. 
Stochastic online methods, that use data streams 
(right), can reduce computation time while keeping 
the solution as good as the original one.  
From A. Mensch et al., 2016. [2].

SCOPE OF APPLICATION SCOPE OF APPLICATIONHEALTH / BIOLOGICAL AND MEDICAL IMAGING HEALTH / BIOLOGICAL AND MEDICAL IMAGING

To find out more 
Presentation of NeuroSpin: www.i2bm.cea.fr/drf/i2bm/english/Pages/NeuroSpin/Presentation.aspx
Presentation of the Parietal team: www.team.inria.fr/parietal/
The open-source Python library Joblib: www.pythonhosted.org/joblib
BIDS format: www. bids.neuroimaging.io
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Neutronics and Big Data

The CATI platform was created in 2011 by a consortium of neuroimaging research 
laboratories, including that of CEA. It acts as a national technology concentrator by rapidly 
initiating the transition to the production stage of advances made in France or elsewhere, 
for the purposes of clinical research.

T he CATI platform came about in 2011 from a 
group of neuroimaging research laboratories 
comprising NeuroSpin (CEA), the Inserm-
UPMC-CNRS-INRIA joint research units, the 

AP-HP and the Institut du Cerveau et de la Moelle (brain 
and marrow institute) (ICM) at the Pitié-Salpêtrière hos-
pital. It was set up under the Alzheimer plan (2008-
2012) to support the growth of multi-center neuroimaging 
in clinical research programmes on dementia and today 
acts as a national technology concentrator. Its goal is to 
ensure the rapid transition to the production stage of 
advances made in France or elsewhere, for the purposes 
of clinical research. It thus utilises numerous software 
initially designed within French academic laboratories 
and runs its own R&D programmes to minimise the bias 
linked to the multitude of scanner types, as far as 
possible, by optimising the acquisition parameters and 
the robustness of the analysis algorithms. It has a 
network of about a hundred harmonised imaging units 
across France and part of Europe. The images collected 
by a web service are checked then analysed with an 
industrial level of quality and productivity. 

By making multi-center imaging financially affordable 
through economies of scale, CATI has accelerated the 
emergence of new clinical studies. Today, more than 
thirty or so studies call on its services, across a broad 
spectrum of pathologies: Alzheimer’s, dementia with 
Lewy bodies, fronto-temporal dementia, Parkinson’s, 
Huntington’s, amyotrophic lateral sclerosis, bipolar disorders, 
and so on. CATI has already analysed images from more 
than 10,000 subjects, generating a harmonised national 
multi-pathology database that has no equivalent 
anywhere else in the world. 

This base will gradually be made available to the machine 
learning community to identify biomarkers of use in early 
and differential diagnosis, clinical prognosis, therapeutic 
trials and monitoring. The acquisition standards put into 
place for research could then be extended to the entire 
national fleet of imagers for routine use of these biomar-
kers. In the medium-term, CATI could integrate all the 
data produced in hospitals, so that it has access to several 
million individuals. 

CATI Harmonises and  
Aggregates Clinical Research Data

The massive data problem is not an entirely new one in neutronics… 
Especially when handling results from a large number of numerical simulations, 
in order to optimise the configuration and performance of a nuclear reactor 
core, simultaneously and with a number of criteria and constraints.

I t is essential to understand and control all the 
phenomena affecting the neutron population 
in a nuclear reactor core in all operating 
conditions. 

Core neutronics calculations give access to crucial 
safety parameters: hot spot factors (power peaks in 
the core), reactivity coefficients (sensitivity of the 
chain reaction to the variation in physical parameters 
such as the temperature of the nuclear fuel and of 
the moderator), anti-reactivity margin (amplitude 
of the reduction in core reactivity or sub-criticality 
level) in the event of a reactor scram. 

Two sorts of modelling and simulation approaches 
are generally adopted in neutronics: deterministic 
and probabilistic. The data to be mobilised in a 
nuclear reactor core calculation are of different types 
(nuclear, technological, operations, etc.) and cover 
several physical scales of space, time and energy.

Industrial calculations require the use of appro-
priate modelling to achieve a drastic reduction in the 

dimension of the problem to be resolved, to meet a 
demanding cost-precision criterion (for example, a 
core calculation in a few seconds). The benchmark 
calculations (High Fidelity) aim to be as exhaustive 
as possible and can represent several hundred million 
values.

In both cases, the calculation solvers need to be 
supplied upstream by a very large volume of nuclear 
data, up to several terabytes for extremely detailed 
design studies. The problem with massive data is not 
therefore an entirely new one in neutronics! We now 
need to take a fresh look at the neutronics codes in 
order to take full advantage of the new opportunities 
offered by HPC resources.

Over and above this aspect, our concern is also to 
process the results from a large number of numerical 
simulations in order to optimise the configuration 
and corresponding performance of a nuclear reactor 
core, simultaneously and with several criteria and 
constraints. 

Data circulation  
on the CATI platform
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“CATI has already analysed 
images from more than 
10,000 subjects, generating 
a harmonised national 
multi-pathology database 
that has no equivalent 
anywhere else in the world.” 

Karim Ammar is a researcher  
in the Reactor Studies and Applied  
Mathematics Service (Saclay  
Nuclear Activites Division) at CEA.

To find out more 
The CATI platform website: 
www.cati-neuroimaging.com
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Reactor core efficient optimisation strategy
In the field of optimisation, evolutionary algorithms 
have been used since the 1960s to deal with multi- 
objective or multi-criteria problems. These are 
population-based algorithms: each individual in 
the population represents a potential solution and 
evolves with the appearance and disappearance of 
individuals in successive phases, called generations. 

In our case, we used genetic algorithms, a particular 
class of evolutionary algorithms, in which an 
individual representing a reactor core is charac-
terised by his genotype and his phenotype. 
 
In principle, the optimisation process consists in 

generating a random set of individuals (the initial 
population), classifying them according to the 
degree to which the chosen criteria are met and 
eliminating those which do not match, creating a 
new population by selection, recombination and 
mutation and evaluating it against the defined 
criteria (Fig. 3).

The result of this type of optimisation is not just 
about a single individual (a single reactor 
configuration) but a population of individuals (a 
set of reactor configurations) called the optimal 
Pareto population (impossible to improve one 
criterion without penalising the others) and 
occupying a region in the criteria space known as 
the  Pareto  front.

Application to the design  
of the ASTRID reactor
This optimisation strategy is more specifically 
being used to design the next generation of 
nuclear reactors, which means that a significant 
number of possible configurations needs to be 
explored, each of which is subject to a series of 
criteria and constraints. Let us take the case of 
the generation IV reactor prototype called 
ASTRID - Advanced Sodium Technological Reac-
tor for Industrial Demonstration, with a power of 
600 MWe: i t  must  meet  environmental 
constraints and demonstrate its industrial viability 
while offering a level of safety at least equivalent 
to that of the 3rd generation reactors and 
incorporating the lessons learned from the 
Fukushima nuclear accident, while allowing the 
transmutation of the minor actinides [1 and 2]. 

Several criteria must here be minimised, including 
the reactivity variation at the end of the cycle, the 
void coefficient, the maximum sodium temperature 
during an  ULOF  accident sequence… And 
various constraints are to be met, such as the 
maximum variation in  reactivity over a cycle  
(2600 pcm), the regeneration gain range (-0.1 - 
+0.1), the maximum number of  dpa  (140), the 
maximum core volume (13.7 m3), the maximum 
sodium temperature during an ULOF accident 
sequence (1200°C) and the maximum temperature 
of the fuel at the end of the cycle (2500°C). 

The performance of more than ten million reactors 
was evaluated, in order to select the optimum 
configurations with regard to these criteria and 
constraints. The research space was explored by 
means of meta-models (including neural 
networks) in order to reduce computing time.

This study led to the characterisation of an optimal 
Pareto population of 25,000 individual-reactors. 
It provided results via a parallel coordinates 
visualisation in which each line corresponds to 
an individual (a reactor) and each axis the variation 
range, within the population, of the characteristics 
(criteria, parameters, properties) of the individuals.

These and other works have attracted attention 
to possible improvements for dealing with problems 
in which the number of objectives is high. Other 
research fields have appeared, in particular 
optimisation under uncertainties, whether random 
or/and epistemic uncertainties linked to the 
imprecision margins due to a lack of knowledge, 
experience feedback or shared information on a 
system. 
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Reactor vessel
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coolant outlet

Nuclear fission
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Free neutron
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Chain Reaction
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Fig. 2: characterisation of reactor configurations using a genetic approach. Fig. 3 : evolutionary algorithm.

[1] E. Hourcade, F. Gaudier, G. Arnaud, D. Funtowiez, K. Ammar,  “Supercomputing Application for Reactors Code Design and Optimization”, 
Joint International Conference on Supercomputing in Nuclear Applications and Monte Carlo 2010, Tokyo, Japan, October 17-21, 2010.
[2] K. Ammar, “Conception multi-physique et multi-objectif des cœurs de RNR-Na hétérogènes : développement d’une méthode 
d’optimisation sous incertitudes”, doctoral thesis, Paris Sud University, 2015.

 PARETO 

From the name of the Italian sociologist and 
economist Vilfredo Pareto (1848-1923).

 ULOF 

Unprotected Loss Of Flow Accident: 
accident transient resulting from sodium 
boiling as a result of unprotected shutdown 
of the pumps.

 Reactivity over a cycle / pcm 

Dimensionless quantity for evaluating  
small variations in the neutron multiplica-
tion factor. Its value is very small  
and is generally expressed in hundred 
thousandths, with the unit being pcm  
(per hundred thousand). 

 dpa 

(Number of) displacements per atom,  
one of the values characterising the damage 
induced by the neutrons in the materials 
they are irradiating.

SCOPE OF APPLICATION SCOPE OF APPLICATIONENERGY ENERGY

Fig. 1: from basic neutron-induced fission to the production of electrical power by a nuclear power plant.
To find out more 
La neutronique, ouvrage collectif, 
Monographie de la Direction  
de l’énergie nucléaire,  
CEA / Éditions Le Moniteur, 2013

Modelling of Astrid projected on the video wall installation of the Nuclear Energy Division

© P. Stroppa / CEA

Read the complete article on: 
cea.fr/english/Pages/resources/clefs-cea/big-data/neutronics-and-big-data.aspx
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When Cities  
Become Smart
Data and data exploitation can be used to optimise the management of urban 
infrastructures and open up new and broader prospects, such as user services 
and more efficient overall management.

Big Data technologies are already present in 
numerous systems in daily life: smart-
phones and connected objects, “smart” 
buildings, autonomous vehicles and so on. 

The collection and exploitation of the data generated 
by these systems are industrially well-advanced and 
the wave of usage digitalisation has already reached 
larger systems such as transport, water, gas and elec-
tricity distribution networks, waste collection, etc. 

Exploitation of these data is proving to be complex, 
because of the heterogeneity in their nature, their 
origin and the operators who collect them. It is just 
as difficult to interconnect them using Big Data tech-
nologies because these data have to be efficiently 
aggregated for storage and processing, while retaining 
their time and space dimensions. For storage, the List 
Institute is working on models-driven engineering 

tools for high-performance modelling. For manage-
ment of infrastructures and distribution networks, 
machine learning methods are often used to predict 
consumption or usage. However, the coordination of 
such infrastructures also requires the development of 
artificial intelligence based tools to detect abnormal 
behaviour patterns. As part of the European 
SmartWater4Europe project, the List Institute developed 
water network signal flow analysis algorithms to 
detect leaks. Similarly, under its partnership with 
TIGF, which operates a gas distribution network, it 
implemented its expert system software platform 
called EXPRESSIF (t) to optimise network maintenance 
decisions, increasing their pertinence by a factor of 5. 
Finally, the Institute is looking at optimised control 
of networks and grids, energy in particular, at the 
local level (smart building and smart grid), using 
distributed intelligence technologies. 

SCOPE OF APPLICATION SCOPE OF APPLICATIONINDUSTRIAL DATA THE DATA OF DAILY LIFE / MOBILITY

•
CONTRIBUTORS 
(Technological Research Division)

Anthony Larue eis head of the Data Analysis 
and Systems Intelligence Laboratory  
(Metrology, instrumentation and information 
department) at the List Institute.

Juan Cadavid is in charge of European affairs 
for the Software and Systems Engineering 
Department (DILS) at the List Institute.

Sara Tucci is Head of the Blockchain Programme 
in the Software and systems Engineering 
Department (DILS) at the List Institute.

Sylvie Naudet  is a researcher at the Vision 
and Content Engineering Laboratory  
(Ambient Intelligence and Interactive Systems 
Department) at the List Institute.

Margarita Anastassova is an expert in the 
Sensorial and Ambient Interfaces Laboratory 
(Ambient Intelligence and Interactive Systems 
Department) at the List Institute. To find out more 

The SCM World report : www.scmworld.com/the-digital-factory
The Factory Lab website: www.factorylab.fr/#innovations

Anthony Larue is head of the Data Analysis 
and Systems Intelligence Laboratory  
(Metrology, instrumentation and information 
department) at the List Institute.

Sara Tucci is Head of the Blockchain Programme 
in the Software and systems Engineering 
Department (DILS) at the List Institute.

Juan Cadavid is in charge of European affairs 
for the Software and Systems Engineering 
Department (DILS) at the List Institute.

The Factory of the Future
Big Data lies at the heart of the factory of the future, because this factory is 
connected: it produces an extraordinary quantity of data, which then have to be 
analysed in the most pertinent way possible.

Analysing large quantities of data is a crucial 
challenge for the factory of the future. 
According to a report from the British 
SCM World website, 47% of manufacturers 

believe that the technologies associated with Big Data 
will be disruptive for this factory and the number of 
high value added applications are multiplying.

Behind this quantity of data is the massive use of 
sensors on production lines. Thanks to industrial 
systems monitoring technologies – often called the 
Internet of industrial things – it is possible to record 
numerous data on production tools. These data can 
then be analysed on-line or distributed within or 
indeed outside the company, by means of  cloud   
 computing. 

Numerous possibilities 
for extracting intelligence from data

The return on investment from Big Data technologies 
can take a number of forms: real-time analysis of the 
performance of the factory, real-time rescheduling of 
tasks according to production constraints and 
contingencies, smart management of the logistics 
chain, analysis of production quality, management 
and analysis of industrial equipment performance 
and failure anticipation models (predictive main-
tenance), efficient energy management, monitoring 
of operator activity for improved management of 
both production and operator wellbeing. 

The List Institute is developing many data analysis 
solutions for these industrial uses on its  Factory Lab 
platform . The Institute has launched two predictive 
maintenance projects: MaPOP with Actemium, PSA, 
Safran and several SMEs specialising in data analysis, 
to map the existing solutions, and SMART with PSA, 
Bureau Veritas and Technip to develop semantic in-
formation extraction and professional knowledge 
configuration software. The goal is efficient exploitation 
of unstructured Big Data information from intervention 
reports.

Finally, concerning the monitoring of operator 
activity, the List Institute is running the IMPROVE 
project with PSA and two SMEs to exploit data trans-
mitted from the production lines and present 
context-based information to these operators, thus 
facilitating management of model diversity. 

 CLOUD COMPUTING 
Cloud computing exploits the computing or storage power  
of remote computer servers leased on demand, via a network.

 FACTORY LAB PLATFORM 
Factory Lab is an innovation projects incubator for the industry  
of the future, proposing direct access to the concrete needs  
of end-users and the integration of solutions from technology 
suppliers in functional demonstrators.

To find out more
The SmartWater4Europe project:  
www.sw4eu.com

Transport Infrastructures Gaz France 
(TIGF) : www.tigf.fr/accueil

The R&D platform: 
www-list.cea.fr/innover-pour- 
l-industrie/nos-atouts-pour-les- 
industriels/plateformes-de-r-d

•
CONTRIBUTORS 
(Technological Research Division)

Inside view of the building of the Midi-Pyrénées technology transfer platform.
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OUTLOOKSCOPE OF APPLICATION THE DATA OF DAILY LIFE / INTERNET OF THINGS

Big Data means raw, silent data being analysed 
by algorithms to detect regularities, for example 
in consumer behaviour, machines, economic 
indices, road traffic, etc. From these regularities 

they infer predictive rules that we tend to consider to be 
general laws, whereas they are simply a condensed 
representation of what has already happened. They only 
predict the future on condition that it is a continuation of 
the past, with no surprise nor invention. 

The fact that these regularities are detected automatically, 
with no theoretical preconception, opens up fascinating 
prospects, but there is also the risk of multiple correlations 
being incorrectly interpreted as cause and effect: did not 
the French comedian Coluche advise against going to 
hospital on the grounds that more people tend to die there 
than at home?

With big data, there is a great temptation to reduce scientific 

reasoning to just induction. In 1915, Einstein published his 
theory of general relativity, even though there was little 
data about the Universe: for example he did not know that 
there were other galaxies. His equations perfectly 
integrated the gigantic quantity of data collected since then 
and were also able to predict the existence of black holes 
or gravitational waves.

Let us now imagine that we had started with all the data 
available today, but without being familiar with the theory 
of general relativity. By means of a sort of theoretical 
induction from data to laws, could we have discovered 
Einstein’s equations? Einstein himself would have said no. 
In writing to his friend Maurice Solovine, he said 
“There is no inductive method which could lead to the 
fundamental concepts of physics. Failure to understand 
this fact constituted the basic philosophical error of so 
many investigators of the nineteenth century”. Could 
things change in the 21st century? 

Will Big Data  
Change Science? Vincent Bontems is a philosopher 

of science at the LARSIM.

•
BY  
VINCENT BONTEMS  
AND ETIENNE KLEIN 
(Fundamental Research Division)

In June 2008, Chris Anderson, the editor of Wired Magazine, published a provocatively 
entitled article: “The End of Theory: The Data Deluge Makes the Scientific Method 
Obsolete”. According to him, when we have enough data, the numbers will speak for 
themselves and the correlations thus revealed will replace the cause and effect 
relationships postulated by the theories. Science could then develop without having to 
make explicit hypotheses.

“There is no inductive 
method which could lead to 
the fundamental concepts 
of physics. Failure to 
understand this fact 
constituted the basic 
philosophical error of so 
many investigators of the 
nineteenth century.”
Letter dated 24 April 1920, in “Albert Einstein, 
Lettres à Maurice Solovine”, Gauthier-Villars, Paris.

To find out more 
The article by Chris Anderson:  
www.wired.com/2008/06/pb-theory

To find out more 
The BigClouT project: www.bigclout.eu
The Eclipse community: www.projects.eclipse.org/proposals/eclipse-sensinact

•
BY LEVENT GÜRGEN
(Technological Research Division)

Levent Gürgen  
is R&D projects manager at Leti.

T oday, data is omnipresent, generated by the 
emerging IoT devices, legacy systems, increasing 
number of social networks, mobile applications, 
open data repositories, web data etc. Data should 

be exploited in an intelligent manner for descriptive, predic-
tive and prescriptive analysis that serve for decision making 
in business and in society. Value creation from big data has 
the potential of becoming a major driver for the European 
economy. 

Cloud computing already provides a flexible virtual execution 
environment for data processing over a potentially infinite 
number of resources, scaling up and down dynamically and 
accordingly to specific needs. In particular it brings new 
economic models based on pay-per-use that reduce initial 
investments and related operational costs and helps new service 
providers, in particular for SMEs, to enter a wide market with 
minimum infrastructure management requirements. 

However, the incorporation of the Cloud computing paradigm 
has some technological and economic barriers. Real-time 

applications usually require low latencies, thus making 
a centralized cloud solution insufficient due to the fact that 
the network is still considered to be a potential bottleneck. 
Moreover, in many cases, putting sensible data to an external 
service is not well accepted by the users. As a consequence, 
storing and processing data close to the sources (e.g., at the 
edge) are preferable and natively facilitate privacy protection 
and real-time distributed intelligence.

CEA is coordinating a new European-Japanese collaborative 
project, namely BigClouT, dealing with the challenges raised 
by the increasing number of data sources in urban environ-
ments. This project puts into practice a distributed real-time 
intelligence framework serving 4 pilot cities (Grenoble, Bristol, 
Fujisawa and Mitaka). It will give CEA the opportunity to 
validate its open source smart city platform, sensiNact, via 
applications from domains such as tourism, transport, energy 
and participatory sensing. sensiNact has just joined the 
Eclipse community for defining the smart cities of the future 
altogether with various stakeholders such as cities, large and 
small companies, startups, research centers etc. 

Ranging from social to economic aspects, Internet of Things (IoT) and generated big data 
provide countless possibilities to enhance the quality of life and security of people, while at 
the same time reducing inequalities and providing new revenue opportunities for enterprising 
businesses, from large groups and public administrations to SMEs, startups and web 
entrepreneurs. 

Towards an  
Interconnected World

Etienne Klein is a physicist  
and head of the Physical Sciences 
Research Laboratory at CEA.
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OUTLOOK INFORMATION

The exponential quantity of digital data available worldwide opens up new prospects 
for value creation – provided that its usages are clearly defined.

The New Frontier“It is now possible to use 
gigantic databases to identify 
commercial trends, prevent 
disease or fight crime.  
When well-managed, data  
can thus be used to unlock  
new sources of value.”

•
BY  
PHILIPPE WATTEAU 
(Technological Research Division)

Philippe Watteau is Director of the CEA / List.

To find out more 
Some forward-looking analyses:
www2.deloitte.com/global/en/pages/
deloitte-analytics/articles/analy-
tics-trends-2015
www.mckinsey.com/business-func-
tions/mckinsey-analytics/our-insights/
the-age-of-analytics-competing-in-a-
data-driven-world

W almart, a multinational retail giant, 
handles more than one million 
customer transactions per hour, 
feeding databases estimated at more 

than 2.5 petabytes – the equivalent of 167 times the 
content of the United States Library of Congress.  
Facebook houses more than 40 billion photos.  
Similarly, the decoding of the human genome – which 
involves analysing 3 billion pairs of bases and took 10 
years to be achieved in 2003 – is today carried out in 
just a few hours.

This “deluge” of digital information, which continues 
to grow exponentially, opens a broad range of new 
opportunities: it is now possible to use gigantic 
databases to identify commercial trends, prevent 
disease or fight crime. When well-managed, data can 
thus be used to unlock new sources of value. 

Four major trends are emerging from the prospective 
analysis on this subject. 

The extension of professional performance 
and knowledge thanks to Big Data. 

Analytical approaches will soon concern all the 
business sectors and functions of a company (finance, 
HR, procurement, etc.) in an integrated digital factory 
approach. 

Data governance

A major concern for companies. The inflation in the 
volume of data available to companies poses new 
challenges linked to soaring storage costs, regulatory 
compliance, security, etc. In coming years, these 
challenges will become a priority. 

Data monetisation

Towards new business models. In all economic sectors, 
companies are becoming aware of the value of their 
data for outside partners. They are beginning to define 
business models enabling them to generate additional 
revenue, while complying with the evolving regulatory 
framework and confidentiality requirements. Pure 
players are already appearing, for acquiring, cross-
checking and enhancing these data, before delivering 
turnkey analyses. 

Open Data & Open Innovation

Sharing data to create value. The value that can be ex-
tracted from data increases with the volume being 
handled. This leads companies to share their data in 
order to enhance their respective offerings, in the same 
way as local authorities and public operators seeking 
to stimulate their countries or improve the quality of 
service. 
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