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"[ saw that no one ever wrote a book
without, on the following day, saying:
'Had such-and-such been changed
It would have been better;
had such-and-such been added
1t would have been more acceptable;
had such-and-such been stated earlier
1t would have been preferable;
and had such-and-such been omitted

1t would have been more elegant.’

Such a phenomenon is one of the great lessons
and evidence of the inherent insufficiency
of all members of the human race."”

al-Qadi al-Fadil 'Abd al-Rahim al-Bisani al-'Asqalani
Advisor and confidant of Saladin.
1131-1199
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Glossary - Acronyms

ASN French Nuclear Safety Authority
AADL  Architecture Analysis and Design Language
AAR  Automatic Reactor Shutdown

AEOS  Assystem Engineering and Operation Services

French association for the rules of design, construction, and monitoring in operation of nuclear boiler
equipment
Al Artificial Intelligence

AFCEN

API Application Programming Interface
APR  Advanced Power Reactor
ARE  Normal power supply to the SG
ASG  Auxiliary water supply to the SG
ASG  Auxiliary power supply to the SG
ASME  American Society of Mechanical Engineers
BERT Bidirectional Encoder Representations from Transformers
BESEP Benchmark Exercise on Safety Engineering Practices
BPMN  Business Process Modeling Notation
CA Expected Characteristics
CAE  Claim Argument Evidence
CEA  Atomic Energy and Alternative Energies Commission
DSML Domain-Specific Modeling Languages
ED Defined Requirements
EDF  Electricité de France - French Nuclear Operator
EPR  initially European pressurized reactor, renamed Evolutionary power reactor
EX High level Safety Requirements
FPI Interest Protection Functions
GCT  Global Turbine Bypass
GMPP  Primary Motor Pump Unit
HMI  Human Machine Interface
HPC  Hinkley Point C
[1&C Instrumentation & Control
IAEA International Atom Energy Agency
IFOP  French Institute of Public Opinion
[1P Important Item for Protection
INB Basic Nuclear Installation
INSAG International Nuclear Safety Group
IP Important for Protection
IRSN  Institute for Radiation Protection and Nuclear Safety
IS Safety Injection
ISMP  Safety Medium Pressure Injection
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ISO
ITER
KRT

MA

MBSA
MCC
MCNP
MDTE

NLP
OGS
ONR
PCC
PCSR
PSA
PWR
PZR

RBS
RCC
RCV
REK
RESRAD
REX
RGE
RIS
SAFIR
SAUNA
SG
SGTR
SMART
Sol
SR
SRBS
SUTD
VDA
VIV

WIP
V&V

International Organization for Standardization
International Thermonuclear Experimental Reactor
Radioprotection measurement

Measurement of Radioactivity

Model Based Safety Analysis

Matthews Correlation Coefficient Formula

Monte-Carlo N-Particle transport

External Voltage Shortage

Natural Language Processing

Safety Global Objectives

Office for Nuclear Regulation

Operating Condition Studies

Pre-Construction Safety Report

Probabilistic Safety Assessment

Pressurized Water Reactor

Pressurizer

Reactor Off mode

Safety Borication Circuit

The Design and Construction Compendiums of Materials
Chemical and Volumetric Control of the primary circuit
Repository of Knowledge and Expertise

RESidual RADioactive materials

Return of EXperience

General Operating Rules

Primary circuit safety injection

Finnish research programme on nuclear power plant safety
Integrated safety assessment and justification of nuclear power plant automation
Steam Generator

Steam Generator Tube Rupture

Specific, Measurable, Achievable, Realistic and Time-related
System of Interest

Safety Report

Safety Requirements Breakdown Structure

System Used To Do

Main Steam Relief Train

Steam Isolation Valve

Main steam circuit

Work In Progress

Verification and Validation
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1 General Introduction

Reduced availability of water and food resources, impact on health in all
regions of the world, reduction of the distribution areas of animal and plant species by
half, are some of the current effects observed by the GIEC experts with global warming
(+1.09 °C in 2021). The 2022 report also states that sustained efforts must be made in
several sectors, in particular the energy transition in order to reduce CO2 emissions [1].
In line with these objectives of carbon neutrality by 2050, the choice of the nuclear
industry is one of the energies put forward. France is a strong performer in this area,
with nuclear power accounting for approximately 70% of its electricity production in
2019, or approximately 379.5 TWh. In comparison, the share of this energy in the
world is only 10% with 443 reactors in 30 countries. [2] In addition to its reactor fleet,
France wants to embark on an ambitious EPR construction program [3]. On the
international scene, the industry is also seeing an expansion in construction,
particularly of EPRs (China, England, Finland, India, etc.). Thus, this industry is
identified as a key player in the energy transition. The high efficiency of this energy
and its low CO2 emissions in kWh [4], [5] is leading more and more countries to
consider nuclear energy as a viable option. [6] The confidence placed by the public in
nuclear safety, the safety authorities and the IAEA are among the reasons that make it
possible to consider this energy despite the few large-scale nuclear accidents in history.
This high level of safety is not achieved without difficulties. Indeed, these major
construction projects of these new types of reactors reach levels of safety and
complexity never achieved. The various stakeholders involved in these projects also
have high expectations. However, the collaboration of heterogeneous stakeholders with
unshared usages and practices and different points of view does not make the task
straightforward At the heart growing difficulty, the demonstration of nuclear safety
aims to prove that the installation is designed, operated and dismantled without any
consequences for humans and their environment. Without the proof of safety, the
installation will never be able to start up, so it is important for the stakeholders
involved to be sure that nuclear safety performs well and can fulfil its role. However, in
the context of these multidisciplinary projects involving several organisations, the
nuclear safety profession has an interaction with each of them. The latter have their
own objectives related to their discipline but must facilitate the various technological
choices that will ensure the safety of the installation. The complexity and volume of
this heterogeneous data is increasing in these construction projects, thus classifying
these issues as "big data". All this makes it difficult to conduct those nuclear safety
demonstrations that ensure the confidence of all. The R&D work we present in this
thesis aims to conceptualise, facilitate, formalise and therefore, to a certain extent,
make more generic this key stage of the nuclear safety demonstration. It is part of a
CIFRE thesis between IMT Mines Alés and the Assystem Engineering and Operation
Services (AEOS) group.
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The Risk Sciences Laboratory of IMT Mines Alés and, in particular, the
Complex Systems Engineering for Risk Activities axis, works on the development of
conceptual, methodological and technical aspects to support complex system
engineering activities.

The Assystem Group has been involved in engineering, engineering assistance
and the management of complex projects, including nuclear infrastructure, for over 50
years. It also operates in the fields of conventional energy, transport, industry and
defence, with a presence in 15 countries in Europe, the Middle East, Africa and Asia.
The group constitutes the 2nd largest independent nuclear engineering company in the
world, and is notably present in the fields of safety, security, digitalisation and systems
engineering. Its role is to support its clients in the design, construction supervision,
commissioning, and operation of these facilities, with a particular focus on safety and
performance. The group has recently focused its efforts on the development and
deployment of digital tools to support engineering and the development of field service
management solutions. All of this is aimed at providing so-called "more efficient"
engineering in the context of the digital transition of the nuclear industry in particular.

This thesis therefore summarises the research and development of an approach
combining principles, techniques, and tools from both Model-Based Systems
Engineering and Artificial Intelligence.

The plan of this manuscript is as follows. We will start by placing our study in
the context of nuclear safety, its definition, its regulatory texts as well as its different
concepts and methods. We will then analyse in more detail the problems perceived in
nuclear safety demonstration conducts. We will then continue with an analysis of the
state of the art on the subject to understand the findings on these problems as well as
the proposals for solutions by researchers in the field. Taking these proposals into
account, we will present the choices we have made and the contributions that we have
provided. We will then discuss these results and their limits. We will apply these
contributions to two practical cases. We will conclude with a synthesis, followed by
perspectives that we consider interesting for the possible continuation of our work.
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2 Context

This section provides an overview of the field of nuclear safety to better define

the issues and some simplifying and limiting assumptions adopted in this work.

2.1 Nuclear safety

Several definitions exist for nuclear safety. They may be issued by national or
international bodies, in connection with the country's regulations, with operators or
with safety authorities. However, two definitions emerge:

- At the national level, the French Nuclear Safety Authority (ASN) and the
"all

the technical provisions and organisational measures relating to the design,

regulations (Article L.591-1 of the Environmental Code) define nuclear safety as:

construction, operation, shutdown and decommissioning of basic nuclear installations,
as well as to the transport of radioactive substances, taken with a view to preventing
accidents or limiting their effects”. [7].

This definition highlights technical and organisational concepts as well as the different
phases of the life cycle of a nuclear installation. The Figure 1 [8] diagram shows the
different phases of the life cycle of a nuclear installation and the main control phases.
Similarly, the notions of incidents and accidents are clearly shown, as well as the need

to prevent and/or mitigate them.

The TAEA defines safety as 'the achievement of correct operating conditions,
prevention of accidents or mitigation of their consequences, resulting in the protection
of workers, the public and the environment from industrial radiological hazards.” [9].

This definition puts forward the notions of protection of workers, the public and
the environment designated by the protection of interests in Article L. 593-1 of the
Environmental Code: "public safety, health and hygiene or the protection of nature and
the environment'".

Sitmg and site
evaluation

ﬁ Construction
[ (“mmnls.mmlmg
ﬁ m |]el..ulll1ll1ﬁ1l\lll |||g

Release from
regukalory
control

it

Figure 1 Generic implementation stages of a nuclear power plant project.



2.2 Nuclear Safety and its demonstration

The Order of 07/02/2012 [10] "sets out the general rules for basic nuclear
installations (INBs) and incorporates international best practice [11]. It is one of the
central elements of the French legislation dealing with nuclear safety.

In this respect, the order defines the demonstration of nuclear safety as
"all the elements contained or used in the preliminary safety report and the safety
reports mentioned in Articles 8, 20, 37 and 43 of the aforementioned Decree of 2
November 2007 and contributing to the demonstration mentioned in the second
paragraph of Article L. 593-7 of the Environment Code, which justify that the risks of
accidents, radiological or otherwise, and the extent of their consequences are, taking
into account the state of knowledge, practices and the vulnerability of the installation
environment, as low as possible under acceptable economic conditions,"

The IAEA Safety Glossary also defines a safety case as "A collection of arguments and
evidence in support of the safety of a facility or activity.

These two definitions underline the crucial need to provide justifications for all the
choices made in the design of the installation where there is a possibility of risks to the
protection of the interests mentioned in section. 2.1. It is also mentioned that this
demonstration is analysed in relation to the state of the art in the fields concerned while
considering the economic aspect for the choices aimed at reducing the risks. The notion
of arguments and evidence and the link with the "claims" (assertions) that we will

introduce later are the basic elements of this demonstration.

It is therefore logical that the very notion of nuclear safety entails the need for
a robust demonstration of the latter, a demonstration required by all stakeholders
including the authorities in charge of applying the regulations and the operators of the

installations concerned.

The importance given to the demonstration of nuclear safety is also part of the problem
of this industry acceptance by the population. Recent debates on the place of nuclear
power in the energy mix and the geopolitical context have led national opinion to look
at the nuclear industry in a new light. Indeed, in a recent poll (September 2022) "65%
of French people say they are in favour of the construction of new reactors on national
territory. This 1s an increase of 14 points in the space of a few months (51% last
October), due to current events. [12] It is added in this [IFOP (French Institute of Public
Opinion) study that "the image that nuclear energy has among the French. 81% of the
population consider it to be essential for France's energy independence, 71% consider it
to be reliable, [...] Nuclear power has a rather positive image in the minds of the

French, even if the risk posed by this sector remains very present in people's minds.
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This acceptance is reinforced by the level of safety achieved and by people's
perceptions of the safety of the installations. This level of safety, which has been
achieved and well demonstrated, constitutes a performance that the INB concerned

must achieve in the same way as its other performances.
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2.2.1  Body of regulatory text

The highest authority concerning nuclear industry is the country's nuclear safety
authority. This authority must be independent [13] to ensure that it is not subject to
political, operational, or other influence. In France, the ASN (Nuclear Safety
Authority) issues several types of documents, some are mandatory, and some are
recommendations. The ASN has responsibility on accepts on behalf of the state the
demonstration of safety. It is therefore advisable to consider all the recommendations.
In the figure below (Figure 2), the various documents issued in the context of the safety

and linked to the nuclear safety demonstration.
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Figure 2 Body of regulatory text and their applications

The International Atomic Energy Agency (IAEA) is an international
organization under the aegis of the United Nations seeking to promote the peaceful
uses of nuclear energy and to limit the development of its military applications. In this
role, the TAEA informs and publishes standards for the stability and safety of nuclear
installations. These standards are recommendations, but since the IAEA is an extension
of the safety authorities of the nuclear industry founding countries and is often adopted
as a standard by nuclear industry emerging countries, their standards have a prominent

place.
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2.2.2  Introduction to the elements of nuclear safety

In order to understand the scope and the elements specific to the demonstration

of safety, it is necessary to understand the safety report, which is the "document drawn
up by an operator, which presents the safety analysis of its installation and justifies the
adequacy of the provisions adopted to meet the safety objective”[14].
The preliminary version of this report will allow the issuing of an authorisation decree
for the creation of the installation. The updated version will allow the issuing of the
authorisation for the commissioning of the installation (licensing). It will evolve
throughout the life of the installation (operation, dismantling etc.). This report therefore
presents the safety provisions and takes the general form described in the Figure 3. The
descriptive part aims at highlighting the elements of the installation, the site, the
structure, the systems, their components, and the safety guiding principles applied to
the design. The demonstration part requires to produce the results of several analysis
studies that operate at several levels of scale. Finally, the issue of commissioning
(elements linked to the commissioning of the installation, licensing, etc.) and
decommissioning is considered from the outset and is reflected in this safety report.

Descriptive part

General description of :

« sites and its characteristics
+ the nuclear power plant and it's SSC (Structure, System and Components)
+ General Safety Principles applied to design

Demonstrative part

« various safety analyses performed to demonstrate safety (deterministic
and probabilistic)

« principles and future feasibility of commissioning and decomimissioning
activites

Figure 3 General parts of a safety report

In particular, the demonstrative part mainly uses two types of approaches:

o The deterministic approach: "design provisions retained by the operator are
Justified by the study of a series of design basis accidents and by the
application of rules and criteria that include margins and conservatisms.” [15]

e Probabilistic approach: "risk assessment method based on a systematic
ivestigation of accidental scenarios. They consist of a set of technical
analyses that make it possible to assess the fiequency of feared events and

their consequences. From that we can obtain an overall assessment of the level
21



of safety, integrating both the reliability of equipment and the behaviour of

operators.” [15]

As stated in the 2012 decree [11] The nuclear safety demonstration shall be carried out
using a conservative deterministic approach [...]. The nuclear safety demonstration
shall also include, unless the operator demonstrates that it is not relevant, probabilistic

analyses of accidents and their consequences."

The deterministic approach is supplemented by probabilistic studies but forms the basis

of the demonstration. The deterministic approach is, in fact, privileged in our work.

2.2.2.1.General objective

The subject of nuclear safety has its peculiarities in relation to the history of the
industry. The discovery of the power of this energy was accompanied by the realization
of its dangerousness. This led to early consideration of the subject. With the
development of the industry, nuclear safety has been developed in parallel, always
aiming to reduce the risk according to the ALARA (As Low As Reasonably
Achievable) principle. [16] This search for the safest possible level of safety begins
with the principle of "justification”, which questions the real interest of using nuclear
materials (cf. radium phosphor materials built between 1918 and 1963 [17]). Nuclear
safety is an integral part of the quality assurance of the design of nuclear facilities and
this is now an ISO standard (evolution of ISO 9001): ISO 19443. [18]

The field of nuclear safety has thus been developed along with the industry to which it

applies, with its own terminologies, concepts and processes, practices, etc.

The European Council Directive 2014/87/EURATOM of 8 July [19] refers in its
Article 8 to the objective of nuclear safety: "muclear installations shall be designed,
sited, constructed, commissioned, operated and decommissioned with the aim of
preventing accidents and, in the event of an accident occurring, of mitigating its

consequences and avoiding it:

a) Early radioactive discharges that would require off-site emergency measures buu
without enough time fo implement them,

b) Large-scale radioactive discharges that would require protective measures thai

could not be limited in space or time.

The general objective of the safety demonstration is the control of releases from the
installation. The importance of this objective is well illustrated by the public’s
familiarity with Chernobyl and Fukushima accidents. The case of the Three Mile Island
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accident is less well known because, in this accident, the third containment barrier (a
concept discussed in section 2.2.2.3) was able to play its role in limiting radioactive
releases from the facility.

In the following sections, we will discuss various concepts developed in the field of

nuclear safety, explaining the elements of the Figure 4 as we go along. These concepts
are fundamental to understanding the method that we will develop in the contributions
(section 5).

2.2.2.2.Basic safety functions

Deterministic safety studies

Probabilistic studies \
safety studies

Level 1: Probability of core
meltdown

Operating Agressions Multiple
condition events defaults and
accumulation

Fundamental safety functions
| I
Containment barrier
T I
Defence in depth

Level 2: Probability of
radioactive release outside the
facility

Safety-related design provisions

Level 3: Calculating the
consequences for people and
the environment

Single and aggravating default criterion

—
Safety ification of and
requirements
1
Conventional cumulations
R
Evaluation rejets
N ———

/

Figure 4 General diagram of nuclear safety concepts and fundamental safety functions

The specificities of the nuclear industry have led to the consideration of
fundamental safety functions (cf. Figure 4) for the protection of man and the
environment [10] :

e The control of the nuclear chain reaction: a subject mainly treated in the field

of criticality.

e Thermal power removal: power from radioactive substances and nuclear

reactions.

e Containment of radioactive substances: depending on the type of installation

considered, these substances will be in various places.

e Protection of persons and the environment against ionising radiation: 4™

function added in the French regulation.

These functions must be provided in all possible states of the installation. They are also
called "FPIs" or Interest Protection Functions.
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2.2.2.3.Containment barriers

A Dbarrier (cf. Figure 5) is a set of physical elements interposed between
radioactive material, humans, and the environment. This concept has thus inspired in
part the concept of defence in depth in the nuclear industry, described in the next

section.

Deterministic safety studies

Probabilistic studies
safety studies

Operating Agressions Multiple
condition events defaults and
accumulation

Fundamental safety functions
| |
Containment barrier
T |
Defence in depth

Level 1: Probability of core
meltdown

Level 2: Probability of
radioactive release outside the
facility

Safety-related design provisions

Level 3: Calculating the
consequences for people and
the environment

Single and aggravating default criterion

Safety ification of i tand
requirements

Conventional cumulations

Evaluation rejets

Figure 5 General scheme of nuclear safety concepts and containment barriers

The ASN thus defines a barrier as:

"In a nuclear reactor, the set of sealed devices interposed between the sources of
radiation (fission products present in the reactor) and the outside environment in order
to isolate the radionuclides in the fuel from the environment. [20]

These barriers, usually three or four in number, should be sealed and robust. [21]

For a reactor, there are three essential barriers (see Figure 6 [21]) :

e The fuel sheath;

e The primary circuit cladding (pressurised water circuit in the reactor vessel
which heats up when in contact with the fuel);

e The containment (a sealed reinforced concrete building inside which the
reactor vessel, the reactor core, the steam generators, and the pressuriser are
located). This barrier can be extended to include certain circuits necessary to
control the incident or accident.
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The strength and tightness of these barriers are studied in the context of normal

operation, normal INB transients and accidental transients. [21]
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Figure 6 Containment barrier of a pressurised water reactor.
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2.2.2.4.Defence in depth
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Figure 7 General diagram of nuclear safety concepts and defence in depth

A concept developed in the 1960s (cf.Figure 7) in the United States, and structured
in the 1990s. IAEA defines this notion of defence in depth as: "A hierarchical
deployment of different levels of diverse equipment and procedures to prevent the
escalation of anticipated operational occurrences and to maintain the effectiveness of
physical barriers placed between a radiation source or radioactive material and
workers, members of the public or the environment, in operational states and, for some
barriers, in accident conditions.

This concept is also highlighted in the 2012 Order [11] :

"The operator shall apply the principle of defence in depth, consisting of the
1mplementation of successive and sufficiently independent levels of deféence.

This defence in depth is mainly based on the implementation of defence levels,
particularly in the choice of materials, procedures, organisational and human resources.
These levels retain an independence that ensures safety in the event of failure of one
level. These levels are based on the "Swiss cheese" model of risk management
developed by James Reason in association with the nuclear engineer John Wreathall
and which has benefited mainly from research funds from the nuclear industry. [22]
These levels are called strong lines of defence, the possible failure of which must then
be considered by detailing more precise lines of defence at the levels of the sub-
systems and components, devices and structures that make up the targeted INB (cf.
Figure 8).
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Figure 8 Levels of defence in depth

Defence in depth is structured around the levels recommended in the IAEA
INSAG-10 report [23]. They are implemented in different ways depending on the
country and the type of INB considered. These levels range from 1 to 5, from the
prevention of an incident/accident (level 1) to the limitation of the consequences of an
accident in relation to the general objective introduced above, which sets out the

operator's commitment in the event of an accident or incident (level 5).
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The instantiation of these levels in the French regulation is found in the 2012 order as

follows [11] in article 3.1:

"prevent incidents;

- detect incidents and implement actions to prevent them fiom leading to an accident
and to restore normal operation or, failing that, to achieve and maintain a safe state of
the installation;

- Controlling unpreventable accidents or, failing that, limiting their worsening, by
regaining control of the installation in order to bring it back to and maintain it in a safe
state;

- to manage accident situations that could not be controlled in such a way as to limit the

consequences, particularly for people and the environment.

The fifth level, dealing with crisis management in conjunction with the competent
authorities, is not included in Article 3.1 but is found in Article 7.5 of the Order. These
levels are more detailed in the guides (see regulatory pyramid, section 2.2.1) and in
particular in guide 22 written by the ASN and the IRSN (Institute for Radiation
Protection and Nuclear Safety) which details these levels for the design of pressurised

water reactors.

29



2.2.2.5.Events considered and operating conditions
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Figure 9 General scheme of nuclear safety concepts and events considered

The notion of event is at the heart of the nuclear safety demonstration. It is the
basis of the deterministic approach. ASN Guide 22 [24] states that :

"The general approach to the design of the installation must be based on a prudent
deterministic approach based on the principle of defence in depth supplemented by a
probabilistic approach. It requires determining the events likely to aftect a barrier or a
safety function and then defining the provisions to be implemented in the installation to
prevent these events and limit their consequences if they are plausible.”

These events affect a barrier or a safety function. They are then considered to
occur. The technical, organisational, and human provisions are established in the
framework of defence in depth. The following levels will therefore be considered:
prevention, detection, return to normal operation, control, mitigation and accident

management.

Reference operating conditions

Among these initiating events, those related to an internal malfunction are
considered. These events are numerous. It is necessary to structure them into groups
according to common characteristics (safety functions affected, etc.). The most
representative and conservative events (in terms of consequences) are analysed in the
incidental and accidental scenarios they cause. This conservative group of events has

the historical name in France of "design basis operating conditions" (or "reference
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operating condition" in ASN guide 22 [24]). These groups of events are categorised
according to the estimated frequencies as summarised in the Table 1, thanks to

feedback from experience. Examples of these events are given in the Table 2.

Table 1 Classification of operating conditions

Categories of operating conditions Order of magnitude of the estimated annual frequency of
the initiator, per reactor

CATEGORY 1 Normal operating conditions Number according to the operating programme.

CATEGORY 2 Minor but frequent incidents Up to a few occurrences per year.

CATEGORY 3 Unlikely accidents 10-4 <f<10-2

CATEGORY 4 Hypothetical accidents 10-6 <f<10-4

Table 2 Examples of initiating events by category and safety function

Categories Functions Events

Category 2 Reactivity Progressive  uncontrolled
dilution of boric acid

Category 2 Reactivity Starting an inactive primary
circuit loop

Category 3 Primary breaches Loss of primary coolant
through a small breach

Category 4 Releases of radioactivity Fuel assembly handling
accident

Consideration of aggression

In addition to considering internal initiating events specific to operation, hazards
are considered. They are studied regarding the impact they may have on the equipment
and therefore their ability to ensure the safety of the installation. Attacks are defined in
ASN guide 22 as: "Any event or situation originating inside or outside the basic
nuclear installation which may directly or indirectly cause damage to elements
Important for protection or call infto question compliance with the defined
requirements.

Attacks are divided into two types according to their origin:
- Internal: source of the aggression from within the installation (fire, etc.)
- External: source of the aggression coming from outside the installation
(earthquakes, flooding, etc.).
To address this, a IIP is an "Important item for the protection of interests [...]" i.e. any
structure, equipment, system (programmed or not), material, component, or sofiware
[...] performing a function necessary for the demonstration [...] or controlling that this
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function 1s performed” [24] ). It is understood from this definition that hazards are
considered according to their impact on the elements of the installation that have been
identified in the protection of safety functions in incidental and accidental states.
To protect IIPs, two strategies are used:
- Establish provisions to prevent the effects of the attack from reaching the
equipment.
- Establish a design that qualifies the equipment for operation despite the
aggression. This equipment must then be qualified for the type of aggression
(seismic qualification, etc.)

We will therefore need:
1) An analysis of the characteristics of the aggression.
2) Its possible impact(s) on the installation, in particular on IIPs.
3) The demonstration of adequate protection of the latter.

Multiple defaults and accumulation

As mentioned in the section 2.2.2.5 For the reference operating conditions, the
scenarios are derived from a single event. The study of multiple failures and situations
involving core meltdown is also carried out in the context of a so-called
"complementary event design". This field is included in the Design Extension
Conditions (DEC) field and is described in ASN Guide 22:
"In order to achieve the objectives set out in Chapter II.1.2, provisions shall be
1mplemented to:
- ensure the capability of the installation to cope with more complex or severe initiating
events than those considered in the design basis domain;
- limit the release of radioactive substances into the environment during such events.

The situations arising from such events constitute the extended design basis.”

This complementary field includes:
- Internal events related to equipment:
o DEC-A: Multiple equipment failures
o DEC-B: Core Meltdown Situations
- Internal and external stresses that are more severe than those included in the
basic design.

2.2.2.6.Deterministic and probabilistic approach
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Figure 10 General outline of nuclear safety concepts: deterministic and probabilistic studies.

As mentioned above, both deterministic and probabilistic approaches
coexist in nuclear safety analysis (cf. Figure 10). The deterministic approach
is built based on the elements presented above. By assumption, events are
considered to occur and the elements of each level of defence in depth (Part
2.2.2.4) will have to fulfil their mission and objectives. In the framework of
probabilistic Safety Assessment (PSA), which are complementary to
deterministic studies, the probability of occurrence of initiating events is
analysed through analyses combining event trees of accidental scenarios with
fault trees. Data about components is coming from manufacturers' databases and
feedback from equipment in the field. These PSA studies are divided into 3 levels:
- Level 1: Analysis of the probability of core meltdown;

- Level 2: Analysis of the probability of radioactive releases outside the facility;
- Level 3: Analysis of the consequences for people and the environment.

2.2.2.7.Design provisions associated with safety considerations
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Figure 11 General scheme of nuclear safety concepts: design provision

After introducing the concepts on which nuclear safety is based, this chapter

discusses various design provisions related to nuclear safety.

Single and aggravating failure criterion

This criterion is described in ASN Guide 22: "The single failure criterion (SFC) is
a deterministic design requirement applicable to certain IP (Important for Protection)
systems; it introduces a requirement for redundancy and independence between the IP
equipment of the IP system(s) that performs a safety function, with the objective of
making the performance of that function more reliable. An IP system is designed
according fto the single failure criterion if it can perform its safety finction despite a
single failure in any of its equipment, the failure being independent of the event for
which the IP system responds.
It is a requirement to take a safety measure in a systematic way on equipment classified
as IIP that performs safety functions. The single failure criterion aims to ensure that the
function of the system will be fulfilled despite the failure of one of its components
(RFS 1.3.a [25]). In concrete terms, it will be considered that when the system is
loaded, one of its components does not work. To be conservative, it is the component
whose malfunctioning leads to the most serious consequences that is considered as
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failing. This choice will of course depend on the state of the system under
consideration.

The solutions to this problem have led to the requirements (cf. Figure 12) mentioned in
the definition of the guide 22:

- Redundancy of the systems, each one being able to ensure 100% of the
function (the consideration of hardware unavailability can lead to the presence
of quadruple redundancy);

- System independence:

o Attacks should not affect redundant equipment (made difficult by
geographical distance);
o Prevent simultaneous failures of identical or similar equipment
(common mode failures).
It is also essential to consider the human factor in the analysis.
An "aggravator" is considered in the analysis of accident scenarios. The latter is a
single failure that must be independent of the initiating event considered and the most
penalising possible for the operating condition considered. For this reason, ASN Guide
22 states: "The term ‘single failure criterion applied to the nuclear safety demonstration’
may be used instead of the term ‘aggravator”.
The Figure 12 illustrates safety features on which a consideration of the single failure

criterion is based (separation principle, diversity principle etc.)

Parallel principle Separation principle Diversity principle

Electricity Operation power

Functening sy e >

Twann,

Functioning subsystem v |

_— !
Compressed air A

In service "

uipment fault ~ | —
. Manual Reserve power system

_— diesel generator

Figure 12 Safety features used for defence in defence-in-depth considerations [26]

Safety classification of equipment

The conduct of the studies as described (in a simplified manner) leads to the
classification of equipment according to the roles they will have to play regarding the
safety functions and the level of defence in depth considered (prevention, limitation of
consequences, protection against aggression). The typology of the equipment is also
considered [21] Mechanical, electrical, instrumentation & control (I&C), etc.

The concept of safety class also facilitates design. Generic requirements are established
according to the class and are of increasing constraint for the design of the equipment

according to the level of safety to be provided for the equipment.
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For the example of the EPR case, the safety classes reflect the importance of the safety
function that the systems perform (functional classification) and the importance as a
containment barrier of the consequences of a failure in terms of release (mechanical
classification). Other classification typologies also exist. (Mechanical, electrical etc.)
In the case of mechanical classification and in connection with the notion of barrier we
find [27] :

- Class M1: main primary circuit;

- Class M2: equipment or parts of circuits which are intended to operate in
situations where a primary liquid may flow but the integrity of the fuel sheaths
is not guaranteed (e.g. safety injection);

- Class M3: Other classified mechanical equipment or parts of mechanical

circuits not falling within the considerations of classes 1 and 2.

Generic requirements associated with the different safety classes

Generic requirements are associated with the different classes of equipment. All
classified equipment will have a common base of requirements reflecting the
robustness of the design of the equipment. The higher the classification, the higher the
design requirements reflecting a high level of reliability. These requirements were
initially derived from American codes, e.g. ASME (American Society of Mechanical
Engineers) codes, but are tending to be replaced by the French design and construction
codes of AFCEN (French association for the rules of design, construction and
monitoring in operation of nuclear boiler equipment).

Material Design and Construction Compendiums (RCC) exist for several areas:

- RCC-M for the mechanical field.

- RCC-E for the electrical and 1&C field.

- RCC-C for nuclear fuel.

- RCC-CW for civil engineering.

- RCC-F for fire.

The Hinkley Point C EPR (Evolutionary Power Reactor) Pre-Construction Safety

Report (PCSR-3 [28]) specifies, for example, the link between equipment classification

and the accepted design code in terms of component requirements (see Figure 13).
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Figure 13 Mechanical classification of components and level of requirements

Conventional events cumulations

As mentioned in section 2.2.2.5, events cumulations are not supposed to be
part of the basic design domain. However, some events cumulations are considered. In
the case of the 4" category of events (cf. Table 1), the event is cumulated with the
"external voltage shortage" (MDTE) in case it would be penalising for this transient.
This conventional cumulation is historically linked to the study of scenarios involving
large category 4 breaches with the occurrence of earthquakes that result in the loss of
transmission lines. In line with what has been discussed for the single failure criterion,
each of the redundant transmission paths will need to be supported by an earthquake
qualified backup diesel. An approach integrating the criteria considered for the 4"
category for the analysis of the relevance of this accumulation and its analysis for the

2" and 3" category events is considered. This approach has been repeated in the design
of the EPR.
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Evaluation of releases

Finally, as mentioned at the beginning of our general presentation of the
methodology required in nuclear safety, the assessment of the releases from the
installation is a key element of the demonstration. This assessment is an essential
element in achieving the overall objective of the nuclear safety demonstration.

The steps for conducting this assessment are as follows:

- Assessment of the nature and quantities of radioactive substances in the
installation (core, circuits, pool etc.);

- Release rate of these substances depending on the situation.

- Methods of transfer and deposition of radioactive substances in the
installation;

- Leakage rate to the outside atmosphere and corresponding filtration;

- Duration of rejects and emission height.

These steps are carried out using pessimistic assumptions as mentioned in the 2012
decree [11]: "the assumptions used to calculate releases must be reasonably pessimistic
and the exposure scenarios must be based on realistic parameters without, however,
taking into account any actions to protect the population that may be implemented by
the public authorities”.

This release study is consistent with the study rules introduced for the deterministic
analysis (aggravating etc.). The assumptions made for the installation are those
described in the safety report in terms of requirements (requirements, classification of
systems, etc.) and the general operating rules for the installation (" 7he RGE (General
Operating Rules) are a collection of rules approved by the ASN which define the
authorised area of operation of the installation and the associated operating
requirements”). [29]
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223  Perceived issues in conducting projects including nuclear safety
demonstrations.

It is important to understand that the safety of the installations considers the

best safety practices in the state of the art of the design period, which is regularly
reviewed after the commissioning and during the periodic re-evaluations of the
installation every 10 years. The level of safety must be as high as the level of scientific
and technical progress etc. permits. In this context, this safety demonstration is
complex in its scope and in the perimeter it covers. In the case of a nuclear reactor,
there are more than 50 buildings, 500 km of piping, 500,000 components and more
than 100 million units of data (requirements, reports, diagrams, etc.). Also, as time
goes on, the complexity of the projects increases. However, this demonstration of
safety is encapsulated in industrial projects that must meet the constraints of [30]
quality and time constraints (scope, resources, budget, etc.).
This demonstration is by its very nature based on collaboration between stakeholders
who are responsible for highly complex, heterogeneous areas ranging from mechanical
engineering to operator psychology. It is based on collaboration and iteration to design
the safest possible installation. Despite this objective, a document-centric approach is
used to carry out this work.

After presenting the context of our study and the principles of nuclear safety,
the following section provides an in-depth analysis of the issues surrounding the
conduct of nuclear safety demonstrations. We have identified the root causes of these

problems, which we will call "barriers".
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3 Problematic

3.1 Observations and direct or indirect effects of the current conduct of

nuclear safety demonstrations.

There are several findings at the origin of potential unwanted effects when

performing any nuclear safety demonstration, including:

e The lack of time in nuclear safety projects.

e The difficulty in having the overall vision necessary in a global installation
safety demonstration process.

e The possible cost drift, or even the stopping of a project due to a lack of
efficiency in the conduct of this demonstration.

e The possible lack of quality and confidence of certain studies that could lead to
refusal of licensing (refusal to continue for an installation towards the
operating phase by the ASN). Also, the confidence that is placed in these
studies and the elements put forward.

e The large amounts of data considered in conducting the studies.

e A separation between engineering and safety, which remain effectively the
work of different actors by definition, by habit and by usage in the nuclear
field as in other fields.

There are many causes for these observations. We can mention the multi-disciplinary
nature of the teams and the different objectives of each of them, the complexity of the
installations and the lack of a common vocabulary in relation to the demonstration of
safety. Also, the use of a document-oriented approach does not help to solve these

problems, on the contrary it catalyses them [31].

Therefore, we will observe several effects to this type of conduct of nuclear safety
demonstrations (document oriented, multidisciplinary team etc.). These effects are
multiple but in general they lead to two main elements that are of concern for the
nuclear industry:

- The increase in the time spent on studies, the value of time being
correlated with the financial aspects, there is therefore an explosion in
costs.

= If we consider the case of the Flamanville EPR [32] the delay
is now 10 years and the cost has been multiplied by more than

3 (from 3.3 billion to about 11 billion euros, without
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considering the additional cost linked to the repair of the
welds, possibly estimated at 1.5 billion euros).

- The stopping and abandoning of certain projects following several
feasibility studies and therefore having incurred often significant
costs.

= Of course, the first consequence is often the cause of the
second. Indeed, the longer projects are delayed, the greater
the likelihood that they will be abandoned.

Other consequences may follow in projects, where methodologies and tools are not
adapted to deal with complexity. We have illustrated this increasing complexity in
safety studies through our introduction to nuclear safety in chapter 2.2.2 and the issues
in chapter 2.2.3. For example, higher turnover rates leading to the loss of key resources
for successful projects.

3.2 Barriers

In terms of identified barriers, we agree with the work [33] which lists some of the
following elements, which we have restructured into 4 categories; conceptual (what are
the origins of problems in terms of concepts, principles and basics?), methodological
(what are the origins of problems in terms of processing?), technical (what are the
origins of problems in terms of tools, techniques and other technical means?) and
organisational/human (what are the origins of problems in terms of human skills and
profile of competence, expectations. And how organizing the whole?).

3.2.1  Conceptual

Among the conceptual barriers related to the conduct of the safety demonstration are
e Lack of agreement on common terminology in relation to the demonstration of
nuclear safety
e Definition of elements strongly present in safety such as:
o Requirements,
o Safety argumentation (CAE framework [34])
e How to link the nuclear safety demonstration to the design of the installation?

o The work on this topic (called "Golden Thread" in the English regulation)
aims to obtain a complete view on safety in a way that is efficient and
traceable. [35] in the English regulation) aims to obtain a complete view
of safety in a way that is efficient and traceable. The English government
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website states that "the golden thread will have to be kept in a digital

format”.

3.2.2 Methodological

The methodological barriers we are considering are the following:

e How to facilitate communication between stakeholders?

e How to facilitate collaboration between different domains?

e How to conduct the safety demonstration?

e How to integrate nuclear safety into MBSE models as a viewpoint?
e How to have a traceability of safety requirements?

e Lack of clear vision in the standards of the methodology to adopt.
e Scattered information, fragmented documentation.

e How can Al help on nuclear safety demonstration?

3.2.3  Techniques

The technical barriers are as follows:

e How can the tools/techniques enable the lifting of these barriers?

e  What tools can be used to integrate the approach to both the safety demonstration
and the design in order to have an integrated approach to safety in the project.

e  What type of Al is to be considered for nuclear safety tasks?

324  Organisational and human

Finally, at the organisational and human level, here are the barriers considered:

e Document-oriented work.

e Volume of data considered.

e Lack of staff with multi-disciplinary experience and a global vision.

e Financial: lack of money to make the budgetary drift of projects acceptable.

e Psychological: difficulty of cognition of complexity in a "document-oriented"
project context.

e Usage: reductionism in engineering which prevents the adoption of the
understanding postures of other disciplines, and which is not facilitated by the
document-oriented approach.
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e Ethics: nuclear demonstration often leads to mistrust by default because of past

accident records, leading to increased rigor in this field.
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3.3 Assumptions

In this section, we will explain the assumptions made based on the
introduction to nuclear safety in section 2.1 and the general scheme of nuclear safety

concepts introduced (Figure 14.).
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Figure 14 Simplified scheme of the concepts of nuclear safety demonstration and the scope of our study

The following assumptions were made:
- Assumption 1: The work proposed in the following focuses on
deterministic studies of the nuclear safety demonstration (in orange in
the Figure 14) as this form the basis of the nuclear safety

demonstration.

- Assumption 2: In the deterministic approach, research work has
focused on design basis topics (in red in the Figure 14), thus excluding
non-conventional accumulations and analyses of severe accidents
(non-dimensional analyses). This choice was motivated by the lack of
time and the need to lay the foundations of nuclear safety concepts.
These elements can be extended in later work.
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The first part aimed at setting the context of our study and introducing the broad field
of nuclear safety. This allowed us to understand that this field has its own concepts,
terminologies, methods and has developed along with the industry for many years. In a
second step, the issues related to nuclear safety were identified and the barriers were
drawn up. We have classified these barriers into four main groups: conceptual,
methodological, technical, organisational, and human barriers. In the rest of this work,
we will analyse what other works on these problems have put forward to solve them.

We will try to identify a space for potential solutions.
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4 State of the art

4.1 Choice of elements

This part constitutes our analysis of the state of the art of the proposals about
the demonstration of nuclear safety in relation to the barriers cited in the section 0. The
proposals seem to converge towards a proposal to digitalise this demonstration. The
literature refers to the concept of "digital safety case". This digitisation is mainly
related to the disciplines of MBSE and Artificial Intelligence. This analysis has
allowed us to understand precisely what exists and to direct our work towards the
elements that have been successful in order to abandon those that do not seem to be
conclusive. However, work on the specific subject of coupling MBSE and Nuclear
Safety Demonstration is quite rare. In this chapter, we will position these works and
comment on them in the light of the objectives set in our work. The division chosen in
this section is that of our groups of barriers identified in the previous section. We
thought it wise to focus on work that at least links MBSE and nuclear safety, or Al and
nuclear safety. Each of these fields taken independently has an abundant literature that

would not necessarily be relevant to the objectives set.

4.2  Barriers considered

The following table shows the barriers considered in our work.

Table 3 Barriers considered

Type of barrier Ne° Barrier

1 Lack of agreement on common terminology in relation

to the demonstration of nuclear safety

2 Definition of elements strongly present in safety such
Conceptual as: Requirements, Safety argumentation (CAE
framework [34])

3 How to link the nuclear safety demonstration to the

design of the installation?

4 How to facilitate communication between teams?

5  How to facilitate collaboration between different

domains?

(o)

Methodological How to conduct the safety demonstration?

How to integrate nuclear safety into MBSE models as a

viewpoint?

8  How to have a traceability of safety requirements?
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9  Lack of clear vision in the standards of the methodology
to adopt.

10 Scattered information, fragmented documentation.

11 How can Al help on nuclear safety demonstration?

12 How can the tools/techniques enable the lifting of these
barriers?

13 What tools can be used to integrate the approach to both

Technical the safety demonstration and the design to have an
integrated approach to safety in the project.

14  What type of Al is to be considered for nuclear safety
tasks?

15 Document-oriented work

16  Volume of data considered.

17  Lack of staff with multi-disciplinary experience and a
global vision

18  Financial: lack of money to make the budgetary drift of
projects acceptable.

19  Psychological: difficulty of cognition of complexity in a

Human and . .
Organisational "document-oriented" project context.

20  Usage: reductionism in engineering which prevents the
adoption of the understanding postures of other
disciplines, and which is not facilitated by the
document-oriented approach.

21  Ethics: nuclear demonstration often leads to mistrust by

default because of past accident records, leading to
increased rigor in this field.

42.1  Conceptual barriers

In this section, the work that has provided information on these barriers will be

summarised. We remind you of these barriers in the Table 4.

Table 4 Conceptual element barriers

Type of barrier Ne Barrier
1 Lack of agreement on common terminology in relation
to the demonstration of nuclear safety
Conceptual

Definition of elements strongly present in safety such
as: Requirements, Safety argumentation (CAE
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framework [34]

3 How to link the nuclear safety demonstration to the

design of the installation?

These barriers relate to what has been termed "Conceptual". It seems important to have
a definition of each of the terms and concepts specific to the field of nuclear safety to
integrate them into a SE method and to create, in the long run, the basis of a common
and shared vocabulary supposed to be consensual. By choice in the framework of this
work, the definition of each concept implies to give a unique definition and to integrate
it into a rigorous metamodel in which it will then be put in relation with other concepts.
This approach makes it possible to prepare an ontological support for safety
demonstration in the nuclear domain.

Among the simple definitions that have been made of nuclear safety concepts
(Linosmaa) [36] attempts to define the terms "safety case", "safety demonstration",
"structured safety demonstration". Subsequently, within the framework of the SAFIR
(Finnish research programme on nuclear power plant safety) 2018 programme, several
definitions of these concepts are provided through the report "Conceptual model for
safety requirements specification and management in nuclear power plants". [37]. In
this report, an introduction is given to the problem of safety requirements and the
importance of having clear terminology. Indeed, depending on the stakeholder
considered, the same terms will not have the same meaning and will be part of their
own objectives. The importance of the notion of view and viewpoint in the definition
of requirements (Safety requirements, Operational requirements, etc.) is therefore
mentioned. A first metamodel/mindmap of 13 concepts is proposed to introduce the
concepts to be considered if safety modelling for installations is undertaken. It includes
the concepts of "Safety requirements", "Hazard", "PIE" (Postulated Initating Event).
The notion of class (important in our work) is also introduced for the specific case of
1&C systems. The SAFIR programme aims to improve nuclear safety approaches in the
Finnish context (a follow-up to a previous programme: SAFIR 2014). The work of
Valkonen et al. [38] "Safety demonstration of nuclear I&C" also helps with the present
semantic blurring (safety cases, safety demonstration etc.). The interest of this work
lies in the link with ISO 15288 [39] in order to take a step back on the specificity of the
demonstration and to connect it with the standards of other industries. Also, the
approach is more rigorous in its linking of safety concepts with those of the life cycle
of a system (ISO/IEC 15288 [39]). Some of the contributions shed light on the issues to
be considered in nuclear safety modelling. For example, "Demonstrating and arguing
safety of I&C systems - challenges and recent experiences" [33] published at
NPIC&HMIT (a conference specialising in 1&C for the nuclear industry). In the latter,

the authors analyse several interviews conducted with nuclear industry regulators
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across several countries by the Institute for Energy Technology Norway (IFE) through
the Halden Reactor Project (HRP). The lack of clarity in terminology is identified as a
blocking point, as well as the clear definition of the terms "requirements", etc. In the
same line, [40] highlights this problem of terminology. We find in the Conformity
assessment data model work [41] definitions around some safety concepts that are
provided at the beginning of the report. The concepts of requirements, claims and
qualifications are developed in this work. Also, although the work is done for one
requirement, the objective of the work is to prove the interest of linking and even
simulating the respect of a requirement for a design element. Of course, the concrete
application for all types of requirements and for the high volume of requirements
remains a complex issue. The reflection on the integration of nuclear safety in
architecture models is taken up in [42] through the application of AADL (Architecture
Analysis and Design Language) modelling in order to analyse at early stages of the
design the 1&C choices on safety aspects. The application case is an APR-1400 system
(Korean PWR licence currently under licensing for the Baraka plant in the United Arab
Emirates). This idea is briefly mentioned in [43] through the need to integrate safety
into the design "models" of the plant.

In conclusion, the work we have highlighted on the conceptual contribution of
nuclear safety integration proves that the need is present and necessary. However, the
work only considers a few concepts and is limited to the field of I&C. The modelling
approach present in industrial computing may explain this limitation to the field of
1&C.
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422  Methodological challenges

In this section, the work that has provided information on these barriers will be

summarised. We remind you of these barriers in the Table 5.

Table 5 Methodological barriers
Type of barrier Ne° Barrier

4 How to facilitate communication between teams?

5 How to facilitate collaboration between different

domains?

How to conduct the safety demonstration?

How to integrate nuclear safety into MBSE models as a

Methodological viewpoint?

How to have a traceability of safety requirements?

9  Lack of clear vision in the standards of the methodology

to adopt.

10 Scattered information, fragmented documentation.

11 How can Al help on nuclear safety demonstration?

In the previous section, we stressed the importance of a clear definition, if possible,
through a rigorous metamodel, of the concepts of nuclear safety. The issues highlighted
here concern methodology. Several issues arise when conducting nuclear safety
studies. They are integrated into complex projects with heterogeneous stakeholders.
The fields are not the same, but the nuclear safety profession must guarantee the safety
level of the installation. The issues of communication, effective collaboration,
traceability, global and detailed vision of the project are not effectively dealt with by
document-oriented project management. The above-mentioned report of the SAUNA
project (Integrated safety assessment and justification of nuclear power plant
automation) [38] and [40] considers the importance of systems engineering standards
for the conduct of safety demonstrations. Thus, the elements of collaboration and
communication are considered important. Demonstration work is also paralleled by
qualification processes. The strong contribution of this work lies in the link made with
systems engineering (although it is introductory). However, it is unfortunate that the
MBSE is not mentioned. It should be noted that in this barrier, the focus is on standards
from the nuclear field, which are numerous, and it is not always easy to have an overall
view of these guides and details on the "how" of the demonstration. This work is based
on the findings of [36]. In particular, we find the question of the difficulty of

demonstrating nuclear safety and the scattered and high-volume aspect of the
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information. In [33] and [40] the communication between the actors involved, or
stakeholders, was clearly identified as a challenge in the demonstration of nuclear
safety. MBSE is identified as an interesting solution for the case of nuclear safety.
However, it is also identified that a paradigm shift (from documents to models) can be
blocking for the institutions and operations already in place. The issue of traceability as
well as the lack of detail in guides and standards is one of the barriers identified for
project management including nuclear safety It is conventional to provide general good
practice so as not to constrain demonstration methods, but this makes the expectation
of the demonstration ambiguous. Added to these difficulties is the large number of
documents and the difficulty of sharing information. Linosmaa et al. in [43] provides
interesting elements on the link between SE and nuclear safety demonstration. This
work is part of the BESEP (Benchmark Exercise on Safety Engineering Practices)
project under the European funding "Horizon 2020". The field of nuclear safety is
analysed within the framework of the ISO 15288 processes in a more thorough manner
than in [38] which was mainly in the suggestion of this link and in a first surface
analysis of ISO/IEC 15288. This coherence with system engineering brings interesting
elements on the communication and collaboration of the teams, since it is one of the
objectives of system engineering. The conduct of the demonstration is approached here
in a process-oriented approach and as part of the installation's life cycle (even if it is
mentioned that the processes are concentrated on the design phases). This leads to a
reflection on how to conduct the demonstration. The lack of a clear vision in the
standards for conducting the demonstration (more "good practice”" oriented) was
mentioned earlier. Ouni et al. in [44] which is quite similar to [42] attempts to improve
1&C modelling methods in the nuclear field. This modelling approach aims to facilitate
the collaborative work of teams through domain-specific viewpoints. Thus, the
engineers have in their modelling interface the elements that concern them. Here, the
safety domain does not really have its own viewpoint, but safety concepts can be found
in the viewpoint of 1&C engineers (safety functions, safety classes). Indeed, this work
aims to facilitate the modelling work of I&C engineers in a safety context. It does not
aim to provide modelling elements to nuclear safety engineers (except in part for the
1&C field). The elements of methodology and traceability were also taken into account
in [36]. The data model provided in [41] also aims to provide elements that, if
equipped, can help with traceability. This model also attempts to provide elements of
reflection on the sparse aspect of data through the storage of artefacts that have enabled
the qualification of the system. This issue of traceability through safety functions and
viewpoint integration is also discussed in [37]. An interesting reflection on the link
between MBSE and MBSA is conducted on this methodological aspect in [45]. MBSA
(Model Based Safety Analysis) is an approach in which the design and safety engineers
share a common system model created using a model-based development process.

52



MBSA intends to act as a bridge between design engineers and safety engineers
reducing the time required to verify the safety of a new designed system [46]. This
work sheds light on the pitfalls to be avoided in linking MBSE and MBSA. Some
expert modelling in safety areas cannot be based on design models which do not carry
in their essence the information and modelling specific to these analyses. In [36]
Linnosmaa et al. analyse the issue of integrating nuclear safety into an architecture
model. This analysis is based on the AADL language (here specific to I&C and through
three concepts/attributes; Defence in Depth (DiD), safety function, safety class). The
INCREMENT [47] method provides interesting elements on information retrieval and
search space reduction with elements from a metamodel designed with 1&C experts. It
includes elements on the traceability of requirements as well as on the search for
information in regulatory texts. In line with the reflection on the subject of information
volumetry and the use of Al [48]. The modelling approaches presented so far assume
that we do all our projects via MBSE best practice, but this has not been the case for a
long time. NLP (Natural Language Processing) techniques can help to facilitate the
work of modelling, ontology populating, and REX exploitation on a document-oriented
work. Other, more general, work involves thinking about transients (in relation to the
initiating events previously introduced). For example, in the synthesis work [49] the
author summarises the work done in several sub-domains of the nuclear industry.
Although not directly related to the demonstration of nuclear safety, the consideration
of Al in the identification of transients, accidents, or failures may be of interest in this

discipline.

In conclusion of these contributions of the literature on the methodological
elements, we see that the elements aiming at answering the conceptual barriers limit
the possible methodology. Indeed, the languages, diagrams and methods that are
developed are based on the concepts defined. Our conclusion is similar to our previous
section on conceptual barriers. The developed or theoretical methods consider the
elements of traceability, safety integration, collaboration etc. but are limited to 1&C.
Also, we find some proposals related to Al but very few are coupled with MBSE

practices.

42.3  Technical barriers

This section summarises some of the work that has provided information on the issues
raised in the Table 6.
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Table 6 Technical barriers

Type of barrier Ne° Barrier

12 How can the tools/techniques enable the lifting of these
barriers?

13 What tools can be used to integrate the approach to both
Technical the safety demonstration and the design in order to have

an integrated approach to safety in the project?

14 What type of Al is to be considered for nuclear safety
tasks?

These barriers refer here to the tools in which the conceptual elements and
languages are instantiated. The reflection on the methodology must also include these
tools. The level of maturity of the conceptual and methodological reflections will limit
the potential of the tools which are only the last step. As such, [36] proposes an
analysis of the tools available for drafting "digital safety cases". This work is taken up
in several works by the same research team [38], [40]. The questioning of tools is
conducted from the perspective of the MBSA and the languages and tools that are
specific to each discipline in [45]. The link between the demonstration of safety and the
design is enlightening in the step back and the classification of MBSA approaches.
This MBSA approach must be considered in the context of our work without losing
sight of the many contributions in the field. This work allows a synthesis and
classification as well as a step back from our discipline and our objective. It should be
noted that the objective is not to provide a new way of conducting reliability/safety
analyses, a field that is more represented in operational safety. These safety analyses
are well developed, the calculation software attached to them is known and qualified
by the safety authorities and they allow the modelling of expert sub-domains which
have their own research communities (criticality, radiation protection etc.). Beyond the
reflections on the possible link between design and demonstration. The
"demonstration" aspect can be found in the field of quality assurance/safety mentioned
in the previous proposals and relating to the ISO 15026 standard [50] . This approach
may allow linking the assertions to be proven to bundles of evidence from the different
safety analyses of the domains mentioned (as well as from other design evidence etc.).
It would then be interesting to link these demonstrations to the design in a manner
consistent with the design of the installation.

In the work aiming to carry out a reflection on the integration of nuclear security
(malicious acts) in PSAs we inevitably find a consideration of tools. The approach of
this work aims at an integration towards tools, the very selection of PSA software is
consistent with a possible integration in the existing probabilistic demonstration

processes. The consideration of design in the conduct of failure analysis following
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attacks is reflected in this work. Although it does not concern the type of study
concerned by this thesis, it should be considered in a more global approach to
digitisation in the field of nuclear safety. In [42]G8ithe approach is tool oriented in order
to use these models to verify safety requirements on 1&C, although the approach seems
unsuccessful on the language proposed in the study. The integration of safety in design
is at the heart of this approach through this language and this approach to modelling the
1&C architecture. This work is interesting in the approach of integration with the
architecture and reflection on the concepts that are most likely to be paralleled on the
AADL and 1&C safety side. However, the language used is aimed at expert simulations
in the field of industrial computing and does not include the entire nuclear safety
demonstration methodology. It is actually stated at the end of the paper “ “In addition to
improving the analysis capabilities of our model, the further work on the topic would
require ftitting the modelling approach and tools support better to be part of the systems
engineering processes of the overall design to be truly useful for the nuclear
engineers”. In [44]%iAlthough limited to the field of 1&C the work seems to be of
interest in the coherence of the approach and the choice of developing a tailor-made
tool. It also seems clear that the perfect solution does not exist and that we must try to
develop it, for example by means of a DSML [51], [52]. A Domain Specific Language
(DSL) is defined as "a programming language or executable specification language that
provides, through appropriate notations and abstractions, expressive power focused on,
and usually limited to, a particular domain." [53]. A DSML will use the latter for
modelling. The choice of the Papyrus tool under Eclipse seems to be interesting.
Although the work focuses on an expert understanding of 1&C, some safety elements
are mentioned, and the methodology is interesting. Documentation generation,
functional simulation and export to other I&C tools (requiring interoperability) are
however not presented. The work on NLP [48] work is tool-oriented and a choice is
made to use Al algorithms. This choice is based on a symbolic approach to NLP (we
will introduce these approaches in section 4). Other choices of algorithms are proposed
in the work on the INCREMENT [47] method, and further reflection on the coupling
with MBSE practices. This is not the case for [49] which is more general on nuclear
industry domains, although some topics concern activities specific to nuclear safety
demonstration. In the work [41] the authors of this research were interested in tooling
through the desire to move towards a data model that could be tooled. However, this

does not solve the problem of the "how" of this tool.

Physical tools and implementations should come last in a systemic thinking. There is
little conceptual and methodological work on the integration of nuclear safety with SE
modelling approaches and their possible coupling with Al. Thus, the state of the art of
tools (software etc.) is also very limited. There are scattered initiatives on some of the

55



topics, but the software addresses the problem we pose in a partial or very partial

manner.
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424  Human organisational barriers

In this section, the work that has provided information on these barriers will be
summarised. We remind you of these barriers in the Table 7

Table 7 Organisational and human barriers

Type of barrier Ne° Barrier

15 Document-oriented work

16  Volume of data considered.

17  Lack of staff with multi-disciplinary experience and a
global vision

18  Financial: lack of money to make the budgetary drift of
projects acceptable.

19  Psychological: difficulty of cognition of complexity in a
Human and . .
L. "document-oriented" project context.
Organisational

20  Usage: reductionism in engineering which prevents the
adoption of the understanding postures of other
disciplines and which is not facilitated by the document-

oriented approach.

21  Ethics: nuclear demonstration often leads to mistrust by
default because of past accident records, leading to
increased rigor in this field.

Here, we are talking about the barriers related to the organisations and humans who are
stakeholders in the conduct of these safety demonstrations. The latter may be the safety
engineers themselves, experts in other fields, project managers or heads of
organisations, as well as the public who of course have an interest in these
demonstrations. All the work mentioned so far contributes to lifting these barriers to
some extent. In the work [36] there is a desire to reflect on means other than
documents, while considering the possibility of generating documentation from
software. The difficulty of appropriating the large volume of documents in document-
oriented processes is also a driving force in this work. In [37]the reflection on safety
requirements and their possible modelling aims to move away from document-oriented
processes. The reflection on the MBSE aims at facilitating the understanding of this
complexity inherent to nuclear safety and resulting from a high level of heterogeneous
layers intrinsically linked to each other (functions, physical architectures, different
professions, etc.). The desire to provide processes based on models is a reflection to

decompartmentalise the professions and to allow thinking about a holistic solution
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considering all the professions with the objective that each one contributes to the
solution as well as their relationship to safety. In the report [38], the introductory
reflection on other work on processes leads to the OMG's metamodels and the tools for
moving towards digital safety cases. The reflections on the possibilities of
digitalisation aim to facilitate the understanding of engineers working on these subjects
and to have tools to help them. Systems thinking is present in the consideration of ISO
standards for systems engineering. The will to fight against reductionism and to bring a
holistic approach in the framework of a transverse domain like nuclear safety is
relevant. It is this idea that motivated this thesis work. We find in [40]The MBSE
approach and what it brings in addition to the SE in the change of the "document-
oriented" paradigm and the possibility of generating documentation from the models is
briefly mentioned. The interest of documentation generation is to satisfy this type of
current operation in the nuclear industry. The question of institutional evolution is a
question that must be asked by the actors of this industry as a whole. This model-
oriented approach, as well as the problem of cognition of a complex exercise such as
the safety demonstration and its possible resolution only through a holistic approach, is
taken up in the work on the data model [41] already mentioned. The cognition of such
complex systems is recognised in these works and there is a will to move towards
models allowing better visualisation of the problems and to analyse the requirements
through simulation approaches. Holism is considered in its qualification objective
approach without considering the reductionist approach which would only consider the
disciplines in a separate way. Especially since I&C is at the centre of this
interdisciplinarity. The approach of prioritising requirements in top claims is
interesting but is here applied in detail to the case of 1&C for one guide in the Finnish
regulation. As notified in the report, a real investigation work would have to be set up
if several guides and several sources are considered (this is the case when considering
the safety demonstration in its globality and interdisciplinarity). The compliance
approach is interesting and its formalisation by data model allows its use on lower-
level subjects (such as an earthquake qualification of a material for example).
However, the simulation approach is studied for I&C and cannot be easily reproduced
as the modelling [54] requires expert knowledge of the domains considered. In order to
extend this approach to simulating compliance with requirements, it is important to
consider the work on MBSA [45] to identify the type of safety analysis performed in
the proposed classification and whether they are directly demonstrable from the
models. This is outside the scope of this thesis but is an interesting perspective for
further work (more on this in the conclusion). In the work aimed at developing a
method for modelling [&C and its relationship to nuclear safety [44], there is a desire
to move away from the DBSE (Document Based System Engineering) approach
towards MBSE. We note that through this name (DBSE) the authors consider that SE
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approaches are known in this field, which does not seem to be the case for the work of
the SAFIR programme. The multidisciplinary modelling approach aims to move away
from reductionism towards holism in engineering processes. The work related to the
INCREMENT [47] method aims to work on the high volume of data in nuclear
projects. The modelling approach integrating several disciplines also aims at holism in
these projects. The link with Al in the meta-analysis [49] and in the NLP work on
safety procedures [48] is interesting in the response it provides to the high volume of
data and the possibility of facilitating the cognition of this volume and related
complexity. This is mainly what our work expects from AI. NLP and document
processing are streams of Al use that have emerged precisely to navigate more easily in
a document-oriented world. It is useful, however, that this transitional state remains so
and that processes evolve instead towards model-driven engineering in which each
element is put in its proper place and exists to serve a system purpose. If this is not
taken into account, we can fall back into the problem of knowledge held by a few
people who know the project but are limited to their domain. Research on the
challenges of the discipline [33] mentions the lack of personnel with a
multidisciplinary vision and a global view. We can put this element in the mirror of the
processes pushing for reductionism in engineering practices. This paper seems to us to
be particularly interesting in terms of taking a step back from nuclear safety. The
elements cited were found indirectly in the previous work of this team, but their
formalisation in this paper makes it possible to identify some of the root causes posing
problems in the conduct of safety demonstrations. We have also taken up some of the
problems identified in the construction of our work. The solutions mentioned are also
based on the same disciplines that we are considering to remove these barriers.
Although the reflection is general, the interest of the research group is always focused
on 1&C. This paper is an analysis of the problems and proposals for areas that could
help solve them, but it does not propose a clear path for lifting these barriers. It is,
however, a first step in a coherent research effort. The MBSA discipline review [45]
discipline review emphasises the consideration of the objective (teleology) in a holism
of the system and its components. It is important to step back from 'local' system
analyses of components within the scope of a larger system. Also, in the work on PSA
[54] and the integration of security into them, the approach is holistic and aims to bring
together the safety and security domains directly into the PSA models. The work in
relation to the BESEP project (introduced earlier) aims to get closer to SE processes
and therefore aims at holism. This is the essence of the project, considering all

stakeholders and interdisciplinarity in a project efficient way.

All the work presented so far highlights the importance of the issues raised and
the need for a systemic and holistic approach to the complexity of an interdisciplinary
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field such as nuclear safety. The high volume of data must also be considered when
conducting these projects. The document-oriented approach is not optimised for
working under these conditions. This is an important observation and a first step;
however, the different works are mainly focused on 1&C. Al is considered to allow a
certain reduction in effort and time spent with greater exhaustiveness. However, it is
not very consistent with MBSE approaches. In the end, this work proves that the
nuclear industry is increasingly embracing MBSE approaches, but the work is scattered
and nuclear safety is not considered in its entirety. Thus, the nuclear industry will be
able to benefit from the MBSE advances of other industries (aerospace, aeronautics
etc.) in what is common to both industries. However, an effort must be made to have
coherent proposals on areas specific to the nuclear industry. Nuclear safety is at the top
of the list.
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425  Summary

In the following table, we find in columns the different barriers and on our
rows the different works presented. By crossing the columns and rows, we identify
whether or not these works have dealt with the barrier in question. In this table, we do
not wish to integrate a "level" of treatment of the barrier under consideration, as seen in
the section on the "Level of treatment” in section 4.2, each of these works has its own
objectives. Although some barriers are dealt with, they are never fully dealt with, so we
prefer to refer via an "x" to the works that deal, even in a minimal way, with the barrier
under consideration or refer to it (for the details of the link with the barriers cf. section
4.2).
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Conceptual Methodological Technical Human and organisational
Work
2 7 8 10 11 12 13 14 15 | 16 17 18 19 20 21
Linosmaa
X X X X X
Tommila et al.
X X X X X X
Valkonen et al.
X X X X X
Valkonen et al (2)
X X X X X
Valknonen et al (3)
X X
Lisagor et al.
X X X X
Papakonstantinou et al (1)
X X X
Papakonstantinou et al (2)
X X X
Linnosmaa et al (2)
X X X
Alanen et al. X X X X X X
Ouni et al. X X X X X
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Conceptual

Methodological Technical Human and organisational
Work
2 3 7 8 10 11 12 13 14 15 16 17 18 19 20 21
Hutchison et al. X X X X X
Suman X X X
Choi et al. X X X X X
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Two areas emerge from the analysis of these studies. These are System Engineering
(SE), and particularly Model Based System Engineering (MBSE), and Artificial
Intelligence (AI). The following parts introduce these two areas, then we will present
the interest of these approaches in the framework of our study before entering the part

of the contributions related to these two areas.

4.3 SE and MBSE

The model approach is not new in the world of engineering, these mathematical
models often limited to equations in engineering reports have gradually been integrated
into software that has become more sophisticated with time and increasing
computational power. It has always been important to describe our model, its
limitations and assumptions in order to properly consider its contribution to the study.
Also, in the field of nuclear safety, several models of the installation co-exist and make
it possible to simulate elements of reality for which it would have been complex to
determine without having to multiply the experiments (MCNP [55], RESRAD [56],
etc.).

Systems engineering [39], [57] has proven advantages in various industrial
fields for coordinating complex systems engineering projects. MBSE [58] is the
practice of developing a set of related system models that help define, design, and
document a system under development. These models provide an efficient way to
explore, update, and communicate system aspects to stakeholders, while
significantly reducing or eliminating dependence on traditional documents. In this
way, system engineering (MBSE) models elements that are both specific to the
System of Interest (Sol), i.e., the nuclear installation, and to the System Used To Do
(SUTD), i.e., the processes specific to project management, those specific to system
management and the processes shared between the two (requirements
management, etc.). Thus facilitating complexity management of the latter two
processes. So, SE based on systemic principles, proposes more suitable processes,
and promotes particularly modelling activities and models handling in opposition
to documents management. In this sense, as stated during INCOSE Symposium in
2007 [59] Model Based System Engineering (MBSE) "enhances the ability to
capture, analyze, share, and manage the information". Depending on their role in
the project stakeholders can benefit from a view of the model adapted to their
needs (viewpoint). [60] This engineering approach that inherits from SE allows a
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better cognition and information sharing between engineering teams with less
ambiguities by using models, highlighting the following benefits:

e Improved communications.

e Increased ability to manage system complexity.

e Improved product quality.

e Enhanced knowledge capture.

e Improved ability to teach and learn systems engineering fundamentals.

The MBSE approach is more and more used and known in the nuclear

world. [61] [62] However the elements related to the demonstration of nuclear
safety remain poorly considered (cf. introduction to safety in section 2.2.2), and
there is then a problem in the appropriation of the modelling way usages and

analysis of models, by nuclear engineers.

44 Artificial intelligence

Artificial Intelligence is defined as the study of "intelligent agents" [63]: any
system that perceives its environment and takes actions that maximize its chance
of achieving its goals. The improvement in computational power has allowed the
advent of a period where connectionist models, usage of an inductive approach on
data allowing for learning a travers le machine learning et le deep learning are
overrepresented. In comparison to the so-called “symbolic approaches”, using a
deductive approach, mainly instructions to the machine in the form of code but
also approaches clearly linked to the use of mathematical logic and inference rules

like Prolog [64]. (cf.Figure 15)
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Figure 15 Difference between symbolic and connectionist approaches

Symbolic approaches "represent things within a domain of knowledge
through physical symbols, combine symbols into symbol expressions, and manipulate
symbols and symbol expressions through inference processes.” [65]. Thus, these
"symbols" are combined (in a deductive logic) in order to produce rule engines
(called "expert systems"). In the field of NLP (Automatic Natural Language
Processing), which we will introduce later, linguistic theories are used to perform
various tasks, in particular information extraction or retrieval. Graph theory can
also be exploited/used in this sense to represent knowledge, to make inferences
and to structure information.

Connectionist approaches make connections in data to make inductions
through a generalisation of observations. This is the approach on which machine
learning and deep learning (deep neural networks) models are based. State-of-
the-art models combine these two approaches in various ways. [66]

In 6 years, Al-related publications on arXiv ("free distribution service and an open-
access archive for scholarly articles in the fields of physics, mathematics, computer
science, quantitative biology, quantitative finance, statistics, electrical engineering
and systems science, and economics”) have increased from 5478 to 34736 in 2020
with an acceleration from 2019 to 2020 (34.5% compared to 19.6% from 2018 to

2019). [67]
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This new paradigm in research allows for innovative approaches and a new way
of working. It also saves a lot of time in a context where projects are becoming
more and more complex and where this resource may be lacking to have complete
and detailed safety studies. However, it is necessary to understand how these
algorithms work to avoid pitfalls in their use. Approaches to learning algorithms
(connexionist approaches) are generally divided into three, depending on the data
available and the intended goals [68]:
— Supervised learning: "We can have examples of data where we have both
the inputs and outputs: (i,0)"
— Unsupervised learning: "For some data, we only have the inputsi".
— Reinforcement learning: "Sometimes we have no direct access to the
“correct” output, but we can get some measure of the quality of an output o
following inputi"
Supervised Learning makes predictions, based on labelled data, and learns from
its mistakes. Unsupervised Learning discovers underlying structure and use it for
example to cluster data. In Reinforcement Learning, the learning agent search for
the optimal way in a system of steps rewarding and maximisation of final

cumulated reward.

44.1 Natural Language Processing

Automatic natural language processing (NLP) is a subfield of computer
science, artificial intelligence, and linguistics. Among the many definitions, [69]
defines NLP as: "a theoretically motivated range of computational techniques for
analyzing and representing naturally occurring texts at one or more levels of linguistic
analysis for the purpose of achieving human-like language processing for a range of
tasks or applications.”

We find in this definition the notion of "techniques" that allow us to analyse and
represent language as used between several stakeholders, these exchanges not having a
(basic) computational post-processing objective. The notion of linguistic levels refers

to structuring in modern linguistics (cf. Figure 16).
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Figure 16 Major levels of linguistic structure

The analysis of text in its consideration of symbols representing elements of reality and
being part of a system represented in linguistics through these different levels is a
difficult task. The objective of NLP is the development of language models that can
then be used to solve tasks that would require human work, and these algorithms have
the advantage of being adapted to the processing of a large volume of data. The first
work in this field coincided with the development of AI in the mid-20" century Alan
Turing's test [70] test is linked to the field of NLP. Naturally, the development of this
field first went through the conversion of linguistic theories (Saussure [65], Chomsky
[66], etc.) into symbolic Al (expert systems). The wave of connectionist Al from the
late 90's until today has been oriented towards the development of neural deep learning
models, more and more massive in terms of parameters (neurons) and trained on large
amounts of data. The approach of training on data makes it easier to consider the
complexity inherent in language and difficult to transcribe by finite rules. However, in
the training techniques, or in the application of these models to specific tasks, we find

the strong contribution of linguistics. These language models are oriented around the
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use of Transformers [73], transfer learning techniques facilitating work with less data,
and the contribution of Deep Mind to bidirectional training where the BERT [74], [75]
model was for a while the state of the art in the field (more on that in the following
section).

69



4.4.1.1. Introduction to language models in a
connectionist approach

As seen in our state of the art, if one decides to use artificial intelligence it is
important to consider the type of data to analyse. In the case of nuclear safety, the
main data sources are textual. In this section, we will introduce the sub-domain of
Al that aims at processing documents written in natural language. As mentioned
in the previous section, three approaches coexist in training:

- Supervised learning.

- Unsupervised learning.

- Reinforcement learning.
Depending on the domain, these types of learning will solve different tasks. For
NLP, current trends tend to relegate the intrinsic difficulty of the language and
language levels described in previous section and Figure 16. These models have
gone through different stages, in parallel with the models devoted to image
processing (reference to the "Imagenet moment of NLP"). [76]), different stages
(cf. Figure 17)
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Figure 17 Different steps in NLP from Bag of words to Language Models

Among the elements that have highlighted the use of artificial intelligence,
the digitisation of unconventional data is an important element. The

multimodality of the models now dealing with images, sound and text was not
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achieved in a short time. In the case of word processing, the digitisation
techniques include vectorisation (or embedding [77]) of words, paragraphs,
documents etc. The first approaches were simple and consisted of templates
called "bag of words": "A very common feature extraction procedures for sentences
and documents is the bag-of-words approach (BOW). In this approach, we look at
the histogram of the words within the text, i.e. considering each word count as a
feature.” [78]. Subsequently, the models became more complex. In the case of
Word2vec [79] and ELMo [80] the models are still vectors. However, the latter
integrate a relative semantic allowed by a training of the model on a large
quantity of documents to locate the statistics of representation of such word in
relation to others. The ELMo model adds the nuance of the meaning of the word
according to the context (which was not the case for Word2Vec or GloVe [81]). At
this stage, the NLP field is starting to benefit from models trained in the
laboratories of the digital giants (Google, OpenAl, Facebook etc.). With the ULM-
Fit model, transfer learning techniques will be brought to the fore. This makes it
possible to train a model on unsupervised tasks and to use this pre-trained model
on more specific tasks with better performance despite a smaller amount of data.
The problem of lack of data to make models converge is recurrent in small
companies or laboratories. These models are trained on the language model task
(hence the name “language model”) which consists of predicting the next word
from a given word string. The main turning point in NLP research is linked to the
publication of the paper "Attention is all you need" [73] in which a new type of
architecture is put forward: the "Transformers". This type of architecture offers
greater performance and allows for parallelized learning. The latter was mainly
sequential in NLP (processing one word after another) using time series
processing models. Also, Transformers allow a better consideration of the
relationship between a word and the others in a given sentence through the
attention mechanism. The fusion of the contributions on transfer-learning and
Transformers were used by Open-Al on their famous GPT-2 model. Bert which
would later add some state of the art features. Among these features, the
bidirectional training (processing of the sentence from left to right and right to
left by the model during training.) on sentences to have more context to
determine the next word (the elements coming after the word are of great help to
understand the intended meaning). Since 2019, many heir models to these
language models have emerged. A lot of research is focused on improving them
but also on the possible uses in various fields. The field of engineering and
Industry 4.0 is no exception, and it seems obvious to us that MBSE techniques that

offer a general view of engineering should be coupled with Al and NLP techniques.
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The latter are exploited through 'pipelines’ (series of algorithms put together),
each of whose elements performs discrete tasks. The end-to-end nature of these
pipelines allows for continuous processing of data to achieve the goals set by the
stakeholders.

4.4.1.2. Training of the BERT model on classification
tasks

As introduced in the previous section, language models are usually pre-
trained on large amounts of data. In the case of BERT [74] this pre-training was
done on data from BooksCorpus (800M words) and the entire English wikipedia
(2,500M words).

Once this model is pre-trained, it is used to perform new tasks. This mechanism is
called "fine-tuning" and allows the best results in general on NLP tasks. We will
present our result using this approach in the contribution section (cf. 5).
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Figure 18 Pre-training and training of BERT model
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4.5 Interest of MBSE and Al for nuclear safety demonstration

To evoke the interest for the demonstration of safety, it is interesting to draw a
parallel with the recent work of the Working groups of the AFIS (Association
Frangaise d'Ingénierie Systéme) on the subject of agility [82]. Let us first introduce this
work. Indeed, these agile methods facilitate collaboration and optimisation of value
creation in less time. The question of the mix between systems engineering practices
and the new so-called "agile" methodologies [83] are leading to an evolution of the
agility manifesto [84] to highlight the practices of systems engineering to frame the
practice of agility, which is sometimes unclear on certain aspects of project/system
management (cf. Table 8)
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Table 8 Differences between Agile Manifesto for Software and the adaptation from AFIS to

MBSE
In the past Agile software Agile MBSE Details
Processes and Individuals and Individuals and interactions based on Requirements repository, system
tools interactions models, common digital repository architecture mode, test model
Comprehensive Working software Showable systems Model as a contributor to a virtual
documentation representation of the system
Contract Customer collaboration All stakeholders collaboration The model as a more concrete and
negotiation understandable mean to exchange and
assess the progress of the project
Following a plan Responding to change Mastering changes The model, an efficient support to

identify impacts on the system

It seems interesting to draw a parallel between these elements of an 'agile' project
management practice reflected by what the MBSE practice can bring to the conduct of
projects and demonstration of nuclear safety. In the case of those projects that include
safety, there are multidisciplinary teams with many stakeholders. Communication
through document exchange hinders good collaboration. Modelling allows a better
global vision for each of the professions of the subjects which are specific to it while
allowing each one to collaborate on a general model of the installation.

Based on the elements of the Table 8, where agile values advocate emphasising the
interactions of individuals rather than processes, the MBSE adds that these interactions
of individuals must be framed in digital repositories and shared models. The safety
engineer has ongoing dependencies with each of these businesses and must be able to
communicate effectively. The integration of all stakeholders rather than just the client
is important, as in the case of nuclear safety demonstration all stakeholders are
involved for the protection of people and the environment which is crucial. Finally, the
decisions that are taken and resulting from a better understanding of the context
inducing changes must be controlled with real impact analyses via the manipulation of
models. Indeed, changes that would be induced by performance needs could harm
technological choices initiated by fundamental needs for nuclear safety. We thus find
the reasons that push towards an appropriation of the MBSE subject for the nuclear
industry and a development of work catalysing solutions bringing added value for the
industry and all its stakeholders.

The subject of Artificial Intelligence is data. It seems important to us to elaborate the
reflections on this subject to identify the elements of the safety demonstration which
lend themselves to the exploration of large volumes of data and where learning
techniques seem relevant. We are trying to bring a global vision around the work of

developing both the right models for nuclear safety project management and an
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informed understanding of the possibilities of Al and the topics where Al could have a

significant contribution. The multimodality of data is an issue to be considered.

4.6 Expected contributions

In view of the problems listed and the state of the art, our work aims to remove
the barriers that are here sorted into four categories. To meet these objectives, we
decided to work on a pragmatic method integrating a conceptual reflection through the
metamodel that supports it. This will allow us to define the concepts of nuclear safety,
their attributes, and the relationship between them. It should be noted that we are not
restricting ourselves to a sub-domain of nuclear safety but treating it in a holistic way.
This method will be practice-oriented and will allow the integration of safety engineers
and the safety domain in the collaboration with the other project stakeholders. Thus,
communication will be facilitated to exchange through common models. We will also
try to integrate some artificial intelligence techniques through separate contributions, in
addition to this method.
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Type of barrier ~ N° Barrier Contribution
Proposal of a
Lack of agreement on common
) ) ] metamodel on
1 terminology in relation to the
. nuclear safety
demonstration of nuclear safety
concepts
Definition of elements strongly Proposal of a
5 present in safety such as: metamodel on
Requirements, Safety argumentation  nuclear safety
Conceptual
(CAE framework [34]) concepts
Proposition of a
. metamodel on
How to link the nuclear safety ) )
. . including concepts
3 demonstration to the design of the .
) ) of demonstration
installation? .
with concepts of
design.
4 How to facilitate communication Proposal of a
between teams? method.
5 How to facilitate collaboration Proposal of a
between different domains? method.
6 How to conduct the safety Proposal of a
demonstration? method.
Analysis of nuclear
. . safety processes and
How to integrate nuclear safety into
7 ] ] concepts and
MBSE models as a viewpoint? . o
Integration into a
method.
Methodological Have a reflection on
g How to have a traceability of safety the traceability
requirements? integrated in the
method.
Proposition of Al
techniques in phase
to irrigate the
9 Lack of clear vision in the standards proposed method
of the methodology to adopt. with data,

information, and
knowledge to be

considered
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Scattered information, fragmented

Al algorithm to

10 ] search for certain
documentation. ] .
information.
Elements of
reflection on this
How can Al help on nuclear safety .
11 . subject as well as
demonstration?
our concrete
contributions.
Elements of
. reflection on this
How can the tools/techniques enable .
12 . . subject as well as
the lifting of these barriers?
our concrete
contributions.
What tools can be used to integrate Proposal of an
the approach to both the safety ecosystem of
Technical 13 demonstration and the design in order interoperable tools
to have an integrated approach to capable of carrying
safety in the project. out these reflections
Partially through our
) ) algorithms, but an
What type of Al is to be considered ) )
14 in-depth analysis
for nuclear safety tasks?
should be
undertaken
Proposal of a
15 Document-oriented work model-oriented
method
. Proposal of some Al
16  Volume of data considered. )
algorithms
17 Lack of staff with multi-disciplinary =~ Not addressed by
experience and a global vision these works
Human and
.. . . Not addressed by
Organisational Financial: lack of money to make the
18 . . these works
budgetary drift of projects acceptable.
Psychological: difficulty of cognition =~ Method to facilitate
19  of complexity in a "document- the understanding of
oriented" project context. complexity
20 Usage: reductionism in engineering Holistic approach

which prevents the adoption of the

drawing on the
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understanding postures of other strengths of MBSE
disciplines and which is not

facilitated by the document-oriented

21

approach.
Ethics: nuclear demonstration often Not addressed by
leads to mistrust by default because these works

of past accident records, leading to

increased rigor in this field.
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5 Contributions

5.1 Presentation of the contributions

The contributions in this chapter are grouped and presented successively
around the three pillars that guided the R&D work. A case study will then
illustrate these contributions on data from the nuclear industry before
highlighting the limits reached today and thus logically highlighting the
perspectives of this work.

5.1.1 The guiding pillars of our R&D work

The contributions of each pillar will be explained in this section:

SAFETY

. System Tools
Referentials Engineering Ecosystem

Referentials Requirements

Analysis / i i

Conty;acts engineering N LOTL’bas}eid .
methodology -hoc

developed tools

NLP/Ontologies MBSE

o e e |

Figure 19 3 pillars of the thesis
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Our work is guided by three "pillars" that reflect R&D objectives considered
essential and that have been logically put forward and associated. These pillars
have been logically put forward and combined as shown in Figure 19 to remove
the barriers presented in the problematic. These barriers have been studied

separately, following the logical order of these pillars.

These three objectives are:

e -Objective 1: To be able to make better use of heterogeneous, numerous data
that are difficult to master by an isolated human actor. In this context, the
solution lies in artificial intelligence techniques.

e Objective 2: Integrate the demonstration of safety as early and as closely as
possible in the System Engineering processes and in a model-based
engineering approach such as MBSE with its undeniable assets:

o Easier collaboration made possible by a common vocabulary known by
both sides (design engineering and safety actors).

o Reduction of documents to be delivered as late as possible.

o Reactivity in exchanges and therefore faster and more reasoned
modifications.

o Global and holistic view of the 'whole' (the system to be delivered as well
as its demonstration).

o Etc

e -Objective 3: To have support tools that meet the expectations of both
engineering and safety.

o On this objective, the subject of interoperability is not to be
considered last. To develop a unique solution that can provide all
parts of the method and to integrate the Al contributions seems
utopian. However, linking the different elements through an efficient
interoperability allowing each part to perform a specific function

makes much more sense.

5.1.2 Illustration of the overall contribution in relation to the pillars

To guide the reading of our contributions, we will give first a general
vision of the contributions aimed at lifting the barriers mentioned earlier. Taking
up the objectives mentioned in the previous section, these contributions should
enable (cf.Figure 20):
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Methodology to assist in the demonstration of nuclear safety

Safety
demonstration

Figure 20 Tooled methodology to assist in nuclear safety demonstration

1. In part 1 of the figure above: Tools that would assist the engineer to facilitate
the research work by speeding it up, and by proposing relevant elements for
the demonstration of nuclear safety: Tools drawn from the Al domain.

2. Part 2: In the same way, tools would facilitate the navigation within these data
allowing to analyse and classify these data: Tools also drawn from Al

3. Part 3: It should be possible to link these data to models representing the
System of Interest (Sol) at a later stage [39] under development. This can be
achieved through the development of an appropriate method to better
integrate the consideration of nuclear safety into MBSE approaches.

We find our "pillar" objectives mentioned in part 5.1.1 in the Figure 20. The

purpose of this figure is to show which contributions are linked to each of these

objectives. We have attempted to link the parts of the Figure 20 to the
pillars/objectives, to the extent of the contributions of these parts to our three
objectives. This will allow the reader to step back and consider the positioning of

the contributions in relation to the overall approach of this work.

5.1.3 Pillar 1: Processing of safety references.

In consideration of the 3 pillars presented in section 5.1.1 and 5.1.2, we will

start in this section with the presentation of the contributions related to the first
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pillar. The elements required for nuclear safety are often found in documents
written in natural language.
These documents can have different origins and be of different kinds:

e From the regulations;

o Decree.
o Order.
o Etc

e From the nuclear safety authority:

o Guides.
o Reports.
o Etc

e Operators:
o Safety Report (SR).
o Guides.
o General Operating Rules (RGE).
o Etc
e Project management:
o Specification.
o Applicable documents.
o Safety studies.
o Etc

These documents are not designed to allow for the extraction of information
of interest at a later stage. However, this extraction is important because projects
linked to the nuclear industry include the safety profession. The latter requires
the reading and appropriation by engineers of a large volume of information. In a
study analysing the practices of engineers empirically, it was found that 30% of
working time is spent on searching for information and 24% on sharing
information. Thus, almost half of the engineers' working time is spent on
information retrieval and communication. [85] In the case of our safety studies it
is important to understand that they are even encapsulated in projects with cost,
quality and time constraints [30]. This proportion of working time spent on
information gathering is therefore problematic. In our state of the art, we
mentioned the interest of artificial intelligence approaches to work on this time
saving. The sub-domain of Al which allows the analysis of natural language, NLP
(Automatic Natural Language Processing), seems to be able to bring benefits on
these subjects. In the following sections, we will present our contributions in

relation to NLP for nuclear safety and the purpose of our method. We will describe
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our contributions on the training of BERT-type algorithms on the recognition of
nuclear safety requirements. These requirements are data of interest in the

above-mentioned documents for nuclear safety engineers.

5.1.3.1. Contribution 1.1: Creation of a body of
requirements dataset on IAEA documents

In previous work by our team, an API (Application Programming Interface)
for OCRisation and recognition of the layout of documents and their constituent
elements (table, text, figures etc.) was developed. The output of this document
parser becomes the input to our requirements classifier. Inputs recognised as
requirements are subsequently extracted. The model provides a reliability score,
so that a threshold value can be set for the consideration of requirements. (cf.
Figure 21).

« Pipes supports
shall be designed

Req : 99%
as per instructions
stated in 13.1. »

Not req: 0.01%

Input: requirement

candidate BERT pre-trained model Requirements detector

Output: probabilities

Figure 21 Extraction of a requirement

To train the model we manually prepared a Dataset based on the IAEA documents,
mainly about risk characterisation in the context of the choice of nuclear sites for
new installations. A total of 1141 requirements were extracted from these
documents (cf. Table 9 and Figure 22 The choice of these IAEA documents was
motivated by the possible use of this type of standard in several nuclearised or
nuclear developing countries. Indeed, these documents can be used by countries
that have not yet developed mature nuclear regulations. These documents are
therefore an excellent basis for these new safety authorities. They are also
considered in more mature nuclear countries as good practices that are

appreciated in nuclear safety demonstrations (cf conclusions of section 2.2.1).
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Table 9 Documents for requirements dataset constitution.

IAEA Type
Documents
NSG3.2 Geology/Hydrogeological
NSG3.6 Geology/Hydrogeological
SSG9 Geology/Seismic/Bathymetry
SSG35 Seismic
Serie85 Seismic
Serie89 Seismic
S$SG21 Volcano
SSG18 Oceanography/Bathymetry/Hydrogeological/Meteorology
NS-R-3 Revl Hydrogeological /Meteorology
GSR-Part-7 Meteorology

IAEA Safety Standards
for protecting peopie and the Out[24]: * The process of site evaluation includes the conduct of scientific and engineering analyses and the exercise of judgemen
STRUCTURE e data used in the analyses and in making judgements should be as complete and as reliable as possible. Data should be col
d in a systematic manner and should be evaluated by technically qualified and experienced personnel. °
: 19. Section 2 concerns the programme of investigations. addressing the
Geo_‘eChmcal AsPeCts different stages of the programme and the sources of data; a special subsection I
of Site Evaluation is dedicated to the investigation of complex subsurface conditions. Soction 3
ndations for covers the assessment of the site a5 it is before any constraction and the
and Foundations for relevant methods of analysis. Subsections are dedicated 1o site characterization
Nuclear Power Plants fromsoft to stiff sites, relcvant ok

characteristics of the soil profiles, free field seismic response spoctra and sitc
specific response spectra, and the assessment of ligucfaction poteatial Scction 4
focuses on considerations relating 1o the foundations; that i, 10 the site as it is

Safety Guide madified by buikding construction. Foundation works are addressed first,
No. NS-G3.6 followed by soil-structur interactions and their consequences for stability and
for scttlements. Sections 5 and 6 arc dedicated to special structures. Section 5
ppes. dykes and dams,
S)1AEA embankments and cuts and fill, seawalls and similar structares. Section 6
(Daea addresses s i wide semse, retaining walls,
—_— embedded structurcs, buried pipes and tuancls. Scction 7 deals with the =
monitoring of geotcchnical parameters 2 N5352 NaN NaN  The process of site evaluation 'W;:'S
NS-G- All the investigatory programmes and
% T3 o ot other s
2. SITE INVESTIGATION
% NS-G- NaN NaN In order for data to be collected, recorded
22 al a
INVESTIGATION PROGRAMME
2 NSG 21-25 Nan  Ateach stage of the site evaluation, the A site investigation programme shot
21 Investigation of the subsurface conditions at 3 nuclear power plant site is 36 d
important at all stages of the site cvaluation process. The parpose of this
2 acislon U TG mS » ng Nt Nan  The programme of investigation sm:wo
‘and suitability of the subaurface matcriab. At cach stage of the cater to
the investigation programme should provide the data nece
appropriate  charactc o 2 Ns-oé NN NaN The results of the investigations
favestigations should be 3 described in
requircacats will vary greatly from stage 10 stage
3 NSG 26.27.31.32 NaN  Unacceptable subsurface conditions. A Data collection and prelin
22, The programme of investigation should cater 1o all stages of the site 36 X Site wit. assessment
cvaluation process. For a nucicar power plani, sitc cvaluation typically involves
the following stages: " Ns-gc; NN Nan  For instance, quatemary 1ormau:(n:s;n"ay
I
3

Figure 22 Illustration of the preparation of the IAEA-Requirements dataset

For the constitution of the dataset, the elements of the document labelled
"requirement” have been extracted. However, to train the model, it is necessary to
have text elements representing what a "non-requirement” is. To do this, we
performed a data augmentation by embedding the requirements (represented as
a vector via sentence-BERT [86]) and calculating the average vector of the latter,
thus representing the "prototype" vector. By taking the opposite of this vector
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(prototype of the "non-requirement") and parsing the documents, we extracted
the inputs that are close to this opposite vector (cosine distance) and thus
represent "non-requirement” texts. Thus, we have artificially increased the
number of negative examples ("non-requirement” label) to balance the dataset
and thus, the model.

1]: requirements = pd.concat([Geology,Volcanology,Seismic_Hazard,Oceanography, Bathymetry, ical,Meteorology], ignore_index-Tr
requirenents

Doc Sub - Section Number Remarque Requirements (data set) Requirements.
0 NS-G-32 2102.11:217 NaN Aprogramme vo‘vrv:\:s(::;am:m Aprogramme Vo:“?:;f:;uz::'?ta\
2 Ns-G32 NaN Nay  Meteorological qcumen:nin;;;‘;: be -~
3 NS-G-32 NaN NaN Topographical ieame:de‘l(;rgeresl N
4 NS-G32 NaN Mgy s & e oo o
5 NSG32 222328 Nay  The evaliaton of the nansm:p:ne The evaluation of the vvansm;!’:\e
6 NS-G32 NaN ey Ameteoroiogical investigation should be i

Opposite

Class « non-
requirement »
constitution

Balance of the
model.

Figure 23 Negative examples augmentation through sentence-BERT

Concerning the training, we have used the model pre-trained by Google teams
[74] (requiring huge computing capacities) and "fine-tuned" it on our
requirements classification task to extract them afterwards. This consists of a

recalculation of the superficial layers of the neural network (cf. section 4.4.1.2) .
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When the model is trained, the dataset is divided into 3 parts (cf.Figure 24):

e A setfor training the model to recognize the requirements.

e A set for validation used during training to adjust model hyperparameters
and thus avoid overfitting of the model. Optimized set of
hyperparameters will allow us to perform well on new data.

e Atest set. This set constitutes requirements that will never be seen by the
model, and it is on this dataset that the model will be checked.

Original labeled data
Split

l [

Validation '
set ‘ ‘ Test set ‘

Training set

Figure 24 Dataset split

The results will be analysed using a confusion matrix (cf. Figure 25) typically
used in classification models. After training the classification algorithm, we
present here the results of F1 score on our test dataset (thus never seen by our
algorithm). This measure is calculated from the precision and the recall. Precision
is the number of correctly identified positive results divided by the number of all
positive results, including those not identified correctly. Recall is the number of
correctly identified positive results divided by the number of all samples that
should have been identified as positive. The product in the numerator directly

affects the score if there are extremes.

BertForflaq Confusion matrix (normalized)

Classification accuracy using BERT Fine Tuning: 95.63%
precision recall fl-score support

] 0.99 8.96 .97 530 a6
1 0.97 8.99 0.98 738 3
H
accuracy .98 1268 .
macro avg 0.98 0.98 0.98 1268 o
weighted avg 0.98 .98 9.98 1268

Figure 25 Confusion Matrix and f1 score for requirements Classification on BERT
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STRUCTURE

19. Section 2 concerns

An example of extraction is shown in Figure 26. The document is a test page
that presents specifications for the evaluation of geotechnical aspects in the phase
of selection of sites suitable for the construction of nuclear reactors. On this page,
points 2.1 and 2.2 are requirements. Point 1.9 is a description of the contents of
section 2 of the IAEA report.

The algorithm gives its results for each of these text blocks, we see that point

1.9 obtains a recognition score of about 0.5. Points 2.1 and 2.2 are selected with a
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requirements will vary greatly from stage to stage.

22. The programme of

evaluation process. For a nuclear power plant, site evaluation typically involves / 1

the following stages:

investigation should cater to all stages of the site

Figure 26 Example of extraction on a page with requirements and descriptive

reliability of more than 99%. It is then up to us to set our threshold value.

5.1.3.2. Contribution 1.2 : RCC dataset

For this second contribution, we decided to build a dataset on Design and
Construction Rules (RCC). This choice was motivated by the understanding of the
important elements in our metamodel (explained in section 5.1.5) in terms of
repository processing. In the understanding of the methodology in nuclear safety
demonstration, the classification of components is fundamental (cf. section
2.2.2.7 ). This results in the choice of requirements to achieve this safety level for
the considered component. Repositories are qualified to achieve these quality
levels through binding requirements. The RCCs are published by the French
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Association for the rules of design, construction and surveillance in operation of
nuclear boiler equipment (AFCEN). This association, created in 1980, brings
together more than 800 experts and draws up design rules in several fields:
- Rules for the Design and Construction of Mechanical Equipment PWR
(RCC-M);
- Rules for the Design and Construction of Electrical Equipment (RCC-E);
- Civil Engineering Design and Construction Rules PWR (RCC-CW) ;
- Rules for the Design and Construction of PWR Fuel Assemblies (RCC-C) ;
- Fire design and construction rules PWR (RCC-F);
- Rules for the Operational Monitoring of EPR Mechanical Equipment (RSE-
M);
- Rules for the Design and Construction of Mechanical Equipment for
Nuclear Installations for High Temperature Structures and the ITER
Vacuum Vessel (RCC-MRx).

These standards have been used in the construction of more than 120 reactors,
including the 58 in the French nuclear fleet. They are currently used in the
construction of EPRs. It therefore seemed appropriate to establish a dataset
capable of improving our model for this type of safety requirement with a style
and writing characteristics specific to the AFCEN (NLP techniques are sensitive to
writing style). This dataset is based on the RCC-M and RCC-E. The case study that
we will put forward in the contributions to pillar 3 is based on the RCC-M, to
which we added metadata of interest in connection with the safety classification
system during extraction. This classification is partly that of the mechanical
classification (cf. 2.2.2.7) but adds particularities specific to the RCC-M (cf Figure
27).
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Figure 27 Safety class metadata for RCC -M



RCC-M/RCC-E dataset and camemBERT model drive

The dataset from the RCC-M and RCC-E repositories has the following breakdown:

Table 10 RCC-M/RCC-E dataset broken down by labels/volumes

RCC Volumes Label Number
E 11 Requirements 156
1\% Requirements 344
Total RCC-E Requirements 500
Requirements 17
A Non-
) 1
requirements
Requirements 49
B Non-
) 169
requirements
Requirements 111
C Non-
) 119
requirements
Requirements 22
D Non-
) 22
requirements
Requirements 91
M E Non-
) 32
requirements
Requirements 82
G Non-
) 84
requirements
Requirements 81
H Non-
) 45
requirements
Requirements 81
] Non-
i 36
requirements
Requirements 540
Total RCC-M Non-
) 508
requirements
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Figure 28 Hyperparameters, dataset and training results of CamemBERT on our RCC dataset

The trained model is an instance of BERT whose weights have been pre-trained

on a large amount of French language data (CamemBERT [87]). The Figure 28

summarises the results as well as the hyperparameters of the training (refer to

the training modalities of the BERT type language models in section 4.4.1.2).

The evaluation values (surrounded in red in Figure 28) are the same as for

previous model training in section 5.1.3.1. There is also the MCC (Matthews

Correlation Coefficient Formula cf. Figure 29) evaluation [88], [89] :

MCC =

TNxTP-FNxFP

V(TP + FP)(TP + FN)(TN + FP)(TN + FN)

Figure 29 MCC Calculation



"The coefficient takes into account true negatives, true positives, false negatives and
false positives. This reliable measure produces high scores only if the prediction

returns good rates for all four of these categories [90].

As a conclusion to the contributions on pillar 1, the work carried out was mainly
focused on the identification of high value-added data for the nuclear safety
domain: safety requirements. The field of Al and the adapted algorithms were
selected. A dataset of about 3000 requirement/non-requirement units was
annotated. These datasets were used to train two NLP (Natural Language

Processing) algorithms of the BERT type.

92



5.1.4 Pillar 2: Requirements Engineering

blogy to assist in the demonstration of nuclear safi
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Figure 30 Pillar 2: System Engineering and requirements engineering

In part 2 (Figure 30), the contributions focus on the use of NLP approaches to

facilitate the navigation, analysis and classification of requirements.

5.1.4.1. Use of unsupervised algorithms in the
processing of a large number of requirements.

Requirements engineering is a broad field that deals with requirements-
related activities in the context of a project. Activities included in requirements
engineering [91] are:

1. Collecting the requirements from all stakeholders [92] and regulatory
prescriptions.

Compiling and collating the requirements.

Establishment of the requirements.

Ensuring the expected qualities of the requirements (e.g., SMART).

Tracing, tracking, and reporting the progress of requirements.

i W
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These activities become complex as soon as the volume of requirements
increases. They seem to us to be facilitated by an artificial intelligence approach.
Among the techniques put forward, the representation of requirements in the
form of vectors (embedding) and the representation of the latter in a vector space
is an interesting process which has been put forward in certain recent works [93]
[94]. The meta-analysis of these works in [95] show that the field is not as simple
as simply training the latest algorithms on our requirements. The choice of the
linguistic encoding of embedding is important (syntactic, semantic etc.).

Work within our team aims to improve the use of these techniques in order to:
- Classify;
- Streamline;
- Analyse quality;
- Detecting links;
- Detecting contradictions.

In the Figure 31 is presented an example of requirements classification,
requirements clustering and a 2D representation to facilitate the visualisation of
clusters. These embeddings can also be used to facilitate information retrieval.
The cosine distances compared are then those of the query with the requirements
of the vector space created. This proximity can be semantic, syntactic, etc.

depending on the linguistic encoding chosen for the embedding.

Piping Supports

« Pipes supports shall be designed as per instructions stated in 13.1. »

Agressions

Classement / Réglementaire / Normatif

Figure 31 2D vector projection of cluster of requirements



In the presentation of the contributions of pillar 3 (section 5.1.6) a practical use of
these techniques for the search for requirements that may be applicable to a

component from a model.
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5.1.5 Pillar 2: MBSE

e F E—l—‘ clear safety
System
Engineering

Safety
demonstration

Requirements
engineering

MBSE

Figure 32 Pillar 2 and MBSE

In the following contributions, we will focus on those related to the modelling
part (MBSE). In this context, our method is a global approach aimed at integrating
the elements related to the demonstration of nuclear safety into the modelling of

the target installation on which the various engineers are working (cf.Figure 32).
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This method (cf. Figure 33) is composed of:

Concepts: Ontology/Metamodel in which we describe the concepts of our
method (described in section 5.1.5.1):
=  Their definitions.
= Their attributes.
= The relations between these concepts and their
constraints to model the relationships to be considered,
for instance, between a proof and the activity that
provides it.
Languages: DSML (Domain Specific Modelling Languages) establishes the
rules for handling concepts (described in section 5.1.5.2) promoting then
modelling activities to progress together with an holistic and globalized
view of both the system of interest to be studied (INB) and the safety
demonstrations to be performed and justified.
Processes: The steps to carry out the method (described in section
5.1.5.3). These processes can be expressed in several ways, for example in
the form of a BPMN (Business Process Modeling Notation [96])
Tools: Tools that will allow us to implement the method, this may require
interoperability between several tools (described in section 5.1.6).
REK (Repository of Expertise and Knowledge): Repository of expertise,
best practices, REX or more simplest experiments (described in section
05.1.6.2) In the context of models, this concerns knowledge elements that
have been approved, verified, validated, and can be generalised and
reused in other projects.

97



5.1.5.1. Contribution 2.1: Nuclear safety concepts and
metamodel

The various concepts specific to the demonstration of safety have been modelled
in our metamodel in ecore format, considered as the reference [97] for the
implementation of the Meta-Object Facility (MOF) standard [98] [99] of the Object
Management Group (OMG). This format is an integral part of the Eclipse Modeling
Framework [100] which is mainly aimed at programming through modelling.
This approach will be mentioned in the section 5.1.6, on the tooling of the
methodology.

The reflection around this meta-modelling was done through an analysis of the
literature on the demonstration of safety, the main documents used are those
from the pyramid of regulatory texts (cf.Figure 34).

e Ex-lol TSN du 13 juin
2006, codifiée dans e
code de "environnement

Codes industriels / :
B

Figure 34 Nuclear industry regulatory pyramid

This analysis was carried out according to the following methodology:

Identification of concepts of importance for the nuclear safety
demonstration;

List of important attributes for the engineers in charge of future
modelling;

Linkage of these concepts with other concepts already reported (intra-
safety);

Linkage of these concepts with concepts specific to the System of Interest
(Sol i.e. the installation to be designed and realized) and the System Used
To Do (SUTD) i.e. the project and the requested organization that focus on
the system of interest design and realization. Particularly here requesting
the safety demonstration as a particular set of tasks to be done in
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collaboration and synchronization with all other tasks requested for
design and realization.

e Iteration on new documents or in the context of exchanges with experts
on the subject to focus on the genericity of the method.

To facilitate the work, the general metamodel has been divided into three views
[60] :

e Scenario view,
e Safety specification view,
e Safety demonstration specification view.

These views are consistent with the processes which will be explained in more
detail in the section 5.1.5.3. In the different figures, the concepts in blue are those
that will be found in system engineering processes, even under different
denomination that are here semantically unified in order to reach a compromise.
These are the cross-cutting concepts that allow the safety demonstration method
to be linked to the general modelling of the installation's design (requirements,
functions etc.). We will develop the integration of this safety method into an
existing methodology in Pillar 3 section 05.1.6. The elements explained in section
2.2.2 section will be useful for the understanding of the following parts. The
summary of the metamodel and the description of the different concepts can be
found in the Appendix 9.1.

Scenario view
In the scenario view, the main objective is to model incident and accident

scenarios. These scenarios will then be used to specify nuclear safety features such as

safety classifications, requirements etc. (Safety specification view).
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These scenarios are part of installation situations:

Normal ;
Incidental :
Design basis accidental ;

Accidental beyond design basis.

For each of these situations, the operator sets Global Safety Objectives (radioactive

dose objectives etc.). (cf.Figure 35)
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These scenarios concern components and are triggered by initiating events (cf.
Figure 36).
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Figure 36 Concepts of component in the scenario view

The latter, within the scope of our study, are triggered by internal events
(functioning condition) or by aggressions. These events lead to risks (cf. Figure 37).
Finally, the concept of risk will be used later to trace the sources of requirements.
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Safety specification view

This view establishes the roles of the components with respect to the risks

induced by initiating events. Similarly, this view highlights classifications and

qualifications in relation to the role that each component plays in preventing and/or

mitigating incidents/accidents. The classifications will also be linked to the FPIs

(interest protection functions) to be performed by the component (see section 2.2.2.2).

These qualifications will be related to the considered aggressions (earthquake

qualification etc.) (cf. Figure 38, Figure 39).
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These qualifications, as well as these classes, lead to requirements. In the case of
nuclear safety, the typology of requirements is important. We find :

- IPFs: express functional requirements. They are functions to be provided by
the components, but they can also be seen as higher level requirements.

o Example: "Control of reactivity".

- EXs (requirements): These are high-level requirements found in the
regulations. It is known that a certain number of systems will have to comply
with them, but no means are given.

o Example: "The release of radioactive material must be prevented”

- CAs (Expected Characteristics): These are proposals for the characteristics

expected of a component to comply with the EXs and thus the FPIs.
o Example: "The component must be sealed”

- The ED (Defined Requirements): These are proposed technical requirements
(often proposed by the component's domain expert) to enable the expected
characteristic of the component to be achieved.

o Example: "A seal will be placed ...".

In our metamodel, these types of requirements all inherit from the general concept of
requirements, which is therefore one of the abstract concepts used to structure the
metamodel as a whole and to ensure the sharing of common attributes and relationships
(ct.Figure 40).
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Figure 40 FPI, EX, CA, ED concepts in Safety Specification View

Safety demonstration specification view.

The classifications and qualifications as well as the safety analyses shall
be used to derive the safety requirements to be met by the systems in the
installation. It is then required to demonstrate the safety of the proposed design,
including compliance with these safety requirements, the relevance of these
requirements, etc. We decided to implement the CAE (Claim-Argument-Evidence)
framework [34], [50] and therefore to describe the different concepts of the latter
in our metamodel.

The CAE framework consists of the demonstration of "Claim" (Assertion) and

"Sub-claim":

"Claims, which are assertions put forward for general acceptance. These are
typically statements about a property of the system or some subsystem. Claims that
are asserted as true without justification become assumptions and claims

supporting an argument are called subclaims." [34].

The transition from one Claim to the other is done through blocks of

argumentation:
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"Arguments, which link the evidence to the claim. These are the "statements
indicating the general ways of arguing being applied in a particular case and
implicitly relied on and whose trustworthiness is well established" [28], together
with the validation for the scientific and engineering laws used. In an engineering

context, arguments should be explicit " [34].

An empirical analysis of the safety cases led to the consideration of five blocks of
arguments:

- Concretion block: "This block is used when a claim needs to be given a more
precise definition or interpretation. This is often the case of top-level claims,
which generally need to be expressed in more measurable, less abstract,
terms.”

- Substitution block: "Another common type of claim expansion involves
transforming a claim about an object (or property) into a claim about an
equivalent object (or property), which can be viewed as a form of
substitution.”

- Decomposition block: "This block is concerned with structure. Many claim
decompositions are about partitioning some aspect of the claim, for
example, according to the functions of the system, the architecture, the
properties being considered or with respect to some sequence such as life
cycle phases or modes of operation.”

- Calculation block: "Calculation blocks This block is used to claim that the
value of a property of a system can be computed from the values of related
properties of other objects (e.g., its subsystems).

- Evidence incorporation block: "This block is used at the edge of the CAE
structure to incorporate evidence into the assessment. It is used to
demonstrate that a subclaim is directly satisfied by its supporting evidence.”

The arguments are finally supported by evidence: "Evidence, which is used as the
basis of the justification of the claim. Sources of evidence may include the design, the
development process, prior field experience, testing (including statistical testing),
source code analysis or formal analysis.”

To support the use of the CAE framework, a graphical notation describes
the relationships between the different elements. (cf.Figure 41).
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Figure 41 CAE framework

This graphic notation will be used in our safety demonstration specification
diagrams. In our method, the link between the claims and the safety requirements
is added, thus representing the keystone of the link between the design

(requirements) and the demonstration (claims) (cf. Figure 42).
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This link is established in our metamodel (cf. Figure 43).
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Also, we can find in the metamodel the argument blocks.

ED Argument

= argumantBlockDafinition : EString
0. argumantof = isfrspirecrom :

SofetyRefereneinowiedgeR epositony

LTl rule o fsmuedfromStudy : SoiyStudySymtemeiog
(= = .-‘és . SRR
[] craimDscompasition ]
EfnspiracFrom -
& Sty
i
o CtsmLacromStud |
Sty St Spstam Siock
I0.7] subsitutasClaim B ek I
EfnspiracFrom ©
& SofotyRaferancat R
Y
o et rom Study -
Loty Stuch SystomBiod:
batitution [ cizimconcration I
tnspiredfrom -
1] # substutedClaim &3 SofutyRef
tory ‘
G BissuecFrom Study -
. P 5 Blodk
[4.% claimsFof Concratization I0..7] condretizedClaim [0.% elaimCogerstion SR
0% claimCalculation
[0..4 claimsForCalculation [ clzimtaleutation I
[0 7 calculatsdClaim st spiredFrom -
&3 Sty Roforencokin cuiodgeRopost
o3
o fssLcrom i - ‘
SofotydeudySystomBloc:
[ ClaimEvideneslneorparation
0.7 justifisfiClaim 5 5
=2 istrspiradfrom ;-
SofetyReferen i nowiedgeR apositony:
o intsLcirom Study -
Loty Stud SymtomBlock:

O oo . ca ew . e
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The argument block "Incorporation of evidence" is related to the concept of evidence:
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Figure 45 Concepts of Evidencelncorporation and Evidences in Safety Demonstration Specification View

5.1.5.2. Contribution 2.2: Concrete syntaxes (graphical
and textual/tables) and semantics

We use meta-model compliant languages that allow us to build models.
These models have a graphical representation which itself conforms to the
concrete graphical syntax of the language. Different concepts representing a
subset of our complete metamodel are mapped onto graphical elements that will
have rules for manipulation, binding etc.
In our case, we decided to extend an existing methodology to include these new
concepts, diagrams, and processes, some diagrams are new, and others are
extensions of pre-existing diagrams (such as functional or physical architecture
diagrams). In general, these diagrams, tables/matrices are concrete graphical or
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textual syntaxes based on our metamodel (abstract syntax). The concepts
manipulated are a subset of the general metamodel.

Nuclear Operational
Safety Analysis

~ Vue scenario

Diagramme d'evenements (se cree a partir d'un SafetyStudySystemBlock)

Diagramme de vue haut niveau de representation des objectifs globaux de surete, dec situations, des scenarios (se cree a partir d'un SafetyStudySystemBlock)

~ Vue specification d'exigences de surete

Diagramme d'architecture systeme avec extensions surete

Diagramme d'architecture logique avec extensions surete

Diagramme d'architecture physique avec extensions surete

Diagramme lien exigences surete (se cree en double clickant sur une EX, CA, ED dans les diagrammes d'architecture systeme, legique et physique

Diagramme de tracabilite des exigences => 1) Le diagramme general (avec toutes les exigences gu'cn peut relier a agression ou scenario) se cree a partir de SafetyStudySystemBlock

Diagram exigence autour d'un composant (se cree en double clickant sur une safetyComponent dans le diagramme physical architecture

Table qui recense la classification de tous les safetyComponent (se cree a partir du grand tout, celui avec la classe capellaModeller.SystemEngineering, juste en bas du .aird

Table qui recense les exigences associes a tous les safetyComponent (se cree a partir du grand tout, celui avec la classe capellaModeller.SystemEngineering, juste en bas du .aird

~ Vue specification de demonstration

Diagramme specification de demonstration (peut se creer a partir d'un SafetyStudySystemBlock d'une EX. CA, ED)

Table claim (peut se creer a partir d'un SafetvStudvSvstemnBlock d'une EX. CALEDY

Figure 46 Different diagrams of the safety method divided into our three views

After having introduced the concepts of our metamodel in each of the three views,
we will explain here the three languages developed in these three views. Each of
these languages has one or more concrete graphical or textual syntaxes (in the
form of matrices) which allow the concepts of the language to be manipulated (cf.
Figure 47). In the same logic of presentation for each of the views of their concepts
in the previous section (section 5.1.5.1), we will describe here the use of

languages through their graphical representation or in the form of
tables/matrices.

_ ~ _ - P
Scenario view |/OGS Diagrams | (Events Diagrams) écenarios diagra@

.

If{unclional Architectu;‘j

Ny Diagrams B ~ . B N - . Safety Classification Table
S — 3 Ve . . Y
iy CpEE fem e I/ Logical Arch\tecture) e Safety Requirements [/ Safety Requirements N/ Safety Requirements &

\; Diagrams '\ 7Breakdown D\agramsi)/ \\bTraceabiIily Diagramsi)/‘ \\kicumponem Diagrarnsr /‘

/M\ Safety requirements &
| . ) Components Table
\ o Diagrams /

" /7
Safel.y. der.nons.tratlon [ cAE Diagrams\‘ C;_AE & Safety
specification view g / equirements Table,

Figure 47 3 method views and its diagrams and tables




Scenario view:

e
k‘»cenario view

OGS Diagrams Events Diagrams Scenarios diagrams

Figure 48 Scenario view and its diagrams

To enable the general safety objectives to be set, to relate them to the various
situations in the installation and to relate these to incident/accident scenarios, the
safety engineer has the OGS diagrams at his disposal. (cf. Figure 49)

OGS:

4 Situations :

Scénarios : Perte de débit primaire
< suite & défaillance mécanique ou
électrique d'une pompe

Figure 49 OGS Diagram in Scenario View

The initiating events are found in the event diagram (cf. Figure 50) classified by
accident frequency group (PCC2, PCC3, PCC4, (Operating Conditions Sutdies) see
Section 2.2.2.5).
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PCC2
<4 FunctionCondition : Main System (ARE [MFWS]) Malfunction causing a Reduction in F e
<4 FunctionCondition : ARE [MFWS] Maift causing an inf Flow
4 FunctionCondition : Excessive Increase in Secondary Steam Flow
<4 FunctionCondition : Turbine Trip
4 FunctionCondition : Loss of Condenser Vacuum
<4 FunctionCondition : Short-term LOOP (< 2 hours)
<4 FunctionCondition : Loss of Normal FeedWater Flow (Loss of all Four ARE [MFWS] Pumps and the SSS [AAD] Pump)
<4 FunctionCondition : Partial Loss of Core Coolant Flow (Loss of One Reactor Coolant Pump)
< FunctionCondition : Uncontrolied Rod Cluster Control Assembly (RCCA) Bank Withdrawal at Power (State A)
4 FunctionCondition : Uncontrolled Rod Cluster Control Assembly (RCCA) Bank Withdrawal from Hot Zero Power Conditions
<4 FunctionCondition : RCCA Misalignment up to Rod Drop, without Limitation
4 FunctionCondition : Start-up of an inactive reactor coolant loop at an incorrect temperature
4 FunctionCondition : RCV [CVCS] System Maifunction that results in a in Boron C in the Reactor Coolant (States A to E)
4 FunctionCondition : RCV [CVCS] System Malfunction ausm Incuse or Decrease in Rextor Coolant Inventory (Shtes AtoE)
4 FunctionCondition : Primary Side
4F Condition : chmcslumorop(smesc D)
4 FunctionCondition : Loss of One Cooling Train of the RIS/RRA [SIS/RHRS]" (States C3, D)
4 FunctionCondition : Loss of One Train of the Fuel Pool Cooling (and Purification) System PTR [FPCS/FPPS] or of a Supporting System (State A)
4 FunctionCondition : Spurious RT (State A)

PCC3

4 FunctionCondition : Small Steam or FeedWater System Piping Failure including Break of Connecting Lines (DN < 50) to a Steam Generator (States A and B)
< FunctionCondition : Long-term LOOP (> 2 hours)
+. ondition : Opening of a Pressuriser Safety Valve (State A)
& F ondition : (o] g of a SG Relief train or of a Safety Vaive (State A}
< FunctionCondition : Small Break LOCA (0 DN 50) including a Break occurring on the Extra

System (RBS [EBS) Line (States Aand B)
4 FunctionCondition : Steam Generator Tube Rupture (SGTR) (One Tube) (State A)
&F ondition : Closure of One/All Main Steam Isolation Vaives

< F ondition : Loading and O of a Fuel inan Position

$F ondition : Forced of Reactor Coolant Flow (Four Pumps)

< FunctionCondition : Leak in the Gaseous or Liquid Waste Processing Systems
< FunctionCondition : Loss of Primary Coolant outside the Containment

&F ‘ondition : RCCA Bank Withdrawal (States 8, C and D)

<4 FunctionCondition : Uncontrolled Single Control Rod Withdrawal (State A)
4 FunctionCondition : Long-term LOOP (> 2 hours), Spent Fuel Pool Cooling Aspect (State A)
4 FunctionCondition : Loss of One Train of the PTR [FPCS/FPPS] System or of a Supporting System (State F)
<4 FunctionCondition : Isolable Piping Failure on a System connected to the Fuel Pool (States A to F)

Figure 50 Events diagram in Scenario View

Each of these events initiates one or more scenarios. In these scenarios, the

components perform safety functions that are involved in the control or
mitigation of the incident/accident.
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Figure 51 Scenario diagram in Scenario View
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Safety requirements specification view:

ificati f Logical Architecture
SatetySpECat oV IE Diagrams Breakdown Diagrams Traceability Diagrams Component Diagrams

Safety requirements &

Physical Architecture Components Table

Diagrams

Functional Architecture
DERITETE Safety Classification Table
Safety Requirements Safety Requirements Safety Requirements &

Figure 52 Safety specification view and its diagrams/matrices

In this view, engineers should be able to fill in safety classifications and
qualifications as attributes of components (or on functions at a lower design maturity).
The architecture diagrams, which we extend with the concepts of our metamodel, thus

allow the addition of the requirement types introduced in the previous section.

CA: Mot de ntégrice
en cas G incendie

CA: Maintien CA: Pompe
4 fonctionnel ce a 4 foncvonnele en
pompe o e

L 9 : Mstseria
ractmie

L 0 Bacuer s
puissance réssduete

Figure 53 Extended architecture diagram for Safety Specification View

Concrete graphical syntaxes (diagrams) have been developed. These represent
the elements of our abstract syntax (metamodel) to graphically visualise the
traceability of requirements. These diagrams can be created or generated from
other diagrams (cf. Figure 54) :
e Hierarchy and linkage diagram of safety requirements and traceability of
their origins (SRBS to FPI, EX, CA, ED) :

115



o This makes it possible to know, for example, from which FPI or
EX, a CA is derived.

e Diagram of traceability of requirements to their source (scenario or risk
analysis).

o This diagram shows whether a requirement is the result of a
scenario analysis or a risk analysis, e.g. in relation to an
aggression.

e Diagram of requirements linked to a component.

o This diagram shows all the safety requirements attached to a

component.

116



EX:H1 -

Maintain CA: Robustness
< sufficient ——> _ against SFC

Reactor < (Single Failure
Coolant Syste... Criterion -
oolant Syste. \ Redundancy)

CA: Qualification
4 for accident
conditions

CA: Robustness
against earthquake

CA: Robustness.
against LOOP
 Physical
¥ A
P’ ED : Température de fonctionnement
de la pompe en rapport 3 Ia tempéra...
+ CA: Pompe fonctionnelle en cas.
diincendie
& EX: Garantir 1a circulation du
rétrigérant
| ? |
4 Risk : Exteme. 4 Risk: Inteme.
,7 p I L
 agsn:sesme R wiveraeanet MR T
CA:
Robustness
< against SFC
(Single Failure
Criterion - Re...
‘ CA :
. Qualificatio|
.' VDA : Main Steam Relief Train * o
accident ...
CA:
4 Robustness|
against
earthquake|
CA:
4
against L..
CA:
4 Physical
separation

Figure 54 Diagrams of requirements for traceability and visualisation in Safety Specification View
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e Allocation matrix of components and their respective safety requirements.
o Matrix to visualise the requirements allocated to the components.

e Allocation matrix of components and their respective safety classifications.
o Matrix to visualise the safety classes of components.

EC FC MC otherSafetyQualifications  SC IC BC lISStatus  isBarrier  barrierType
<4 VDA: Main Steam Relief Train ToBeDefined F1AC F1A  M1Cl é M SC1 Classeme NotYetDefined  NotYetDefined true Second Barrier true
< RGL ToBeDefined ToBeDefined ToBeDefined ToBeDefined NotYetDefined  NofYetDefined NYD
4+ EC FC MC otherSafetyQualifications  SC IC BC lISStatus  isBarrier  barrierType

& 1075 VDA Wi Star el Tain 111 ToBeDefied | 1A Classement fonctonnel FIA || M1 Clossement mécanique | v

¢+ 4rGL ToBeDefined ToBeDefined ToBeDefined ToBeDefined NotvetDefined NotYetDefined

¥ 4 ASG: Emergency Feedwater System ToBeDefined ToBeDefined M1 Classement mécanique M1 ToBeDefined  NotvetDefined  NotYetDefined NYD

¥ 4 ARE:Main Feedwater System ToBeDefined ToBeDefined mﬁ g:’“’""": '“:“:?"‘“‘ mﬁ ToBeDefined NotYetDefined  NotvetDefined NYD

jassement mecanique
: Main m lem oBel ol £ ol lotYe of

+ VVP : Main Steam Suppl ToBeDefined ToBeDefined NotClassified i ToBeDefined NotvetDefined  NotYetDefined NYD

* 4 RCV: Chemical and Volume Control System ToBeDefined ToBeDefined oBeDefined ToBeDefined NotYetDefined  NotYetDefined NYD
4 RBS: Extra Boration System ToBeDefined ToBeDefined ToBeDefined ToBeDefined NotvetDefined  NotYetDefined NYD
4 RIS : Safety Injection System ToBeDefined ToBeDefined ToBeDefined ToBeDefined NotYetDefined  NotYetDefined NYD
4 APG: Steam System ToBeDefined ToBeDefined NotvetDefined  NotYetDefined NYD

ED CA £X
4 RGL [ ] ]
< VDA : Main Steam Relief Train [ [Robustness against SFC (Single Failure Criterion - Redundancy), Physical separation, against LOOP, against Q ion for accident [C4 - Limit the release of radioactive waste and airborne radioactive material, C4 - Limi the release of radioactive was

<4 53: Emergency Feedwater Syst [I
<4 ARE: Main Feedwater System [
<4 /P : Main Steam Supply Systei [
< hemical and Volume Control [
<+ RBS: Extra Boration System [
4 RIS: Safety Injection System [
4 Steam Generator Blowdown S I

Figure 55 Component-based requirement and safety class matrices for the Safety Specification view

118

SeismicSa...

SCiClasseme NotvetDefned  NofvelDefned  tue  SecondBarrier tue
NYD



Demonstration specification view

Safet_y der_nons_tratlon CAE Diagrams CAE & Safety
specification view equirements Table

Figure 56 Safety demonstration specification view and its diagrams/matrices

In the demonstration specification view, the language essentially manipulates the
concepts of the CAE framework. The diagrams and matrices used in this language are :

e Demonstration specification diagram (CAE framework and claims
allocation to requirements [34], [50]).
e Development of an allocation matrix of requirements and their respective
safety demonstration diagram.
u e ——— :
S o
—

suffsant poer assurer fe P prmtmt
i Lo 8 it
S ;’ 1} )
cm o 101 DMt massique > 100 Calnusbon:
. foncionaiae de is 4 kg 8 750 réptiew en & Cakuiston: + : =
‘comoe est assurée. tonctionnement l
Tl et L orringd B
J P e Rt [
10 kg « Daot
e wessiave « 949
4 a9 pemet 3 ssurer '
ca: pomee
torctionnete .
} \ oo * mcorsenation * incorporaton
- 1
TNl Camtapemeat Ciam: L3 pompe est
~ Edence : dements
e queitée v ien o hd
plo 8 caleul .I-.zb
1
& Concretion
10} Tewpéeature
‘ / 4 fonciamnement ce'a
sompe en agport §
oot e (i
i /
Camits
Sewperature e
Tonconnement
s pompe estbenc..
¢
1
Soim: 1o ruiton
Seionsement e fo ewecs et Eidence Eidence : Résultat code
e code e caul FEM * >
Syttt g Incorporation Gk
tonctionmement oe @ pomee. 3
= )

Figure 57 CAE Diagram in Safety Demonstration Specification View



[Claim] La puissance résiduelle est évacuée La circulation du réfrigérant est garantie et efficace La fenctionalité de la pompe est assurée La pompee *

4 Débit de dose au contact < 2 mSv/h aprés 2 ans de refroidissement

Limiter I' ition des travai pendant les ions de mai e
4 Non-remplacement des garnitures
4 Durée de vie en fonctionnement a 250 *C des gamitures > 10 ans

Garantir |a circulation du sel en fonctionnement normal

Garantir |a circulation du sel & I'amét
4 Débit massique suffisant pour refroidir le coeur en fonctionnement
4 Débit massique suffisant pour refroidir le coeur & l'arét
4 10kg/s < Débit massique < 50 kg/s 750 *C réacteur en fonctionnement
4 Débit massique > 100 kg/s a 750 *C réacteur en fonctionnement

Prévenir une augmentation de la réactivité du cosur
4 Présence d'un dispositif mécanique contre les survitesses
< Détection mécanique des survitesses si débit massive > 150 kg/s 4 750 °C
Garantir |a circulation du réfrigérant X
4 Détection diminution du débit
4 Amét d'urgence sur détection de perte de débit
4 Maintien intégrité structurelle sous séisme
4 Dimensionnement au séisme de référence X
4 Maintien fonctionnel de la pompe X
< Dimensionnement au séisme de référence
4 Pompe fonctionnelle en cas d'incendie
4 Température de fonctionnement de la pompe en rapport & la température de l'incendie
4 Maintien de l'intégrité en cas d'incendie
4 Température maitnenant I'intégrité de la pompe en rappert & la température de I'incendie
4 Pas plus de X M) de charge calorifique dans le local ou Sprinklage sur detection d'incendie de le local des pompes
4 Pas plus de X MJ de charge calorifique dans le local ou Sprinklage sur detection dincendie de le local des pompes
4 Protéger les travailleurs

< Bvacuerla puissance résiduelle I

Figure 58 Allocation matrix of requirements and their respective safety demonstration diagram in Safety Demosntration Specification View

5.1.5.3. Contribution 2.3: operational approach

Analysis of the literature of good practices in the conduct of nuclear safety
demonstration found in the regulations, in the guides of the safety authorities
(ASN, ONR etc.) and international authorities (IAEA) as well as in the guides of the
operators (EDF, CEA etc.), has made it possible to extract a set of process that
compose the expected usages and activities that are described in this section.

As mentioned in the previous sections, this method is divided into 3 views:

Scenario view (cf. 5.1.5.1, Figure 59) in which are set:

e Safety Global Objectives (0GS);

e The allocation of these objectives to functioning situations of the installation.
e The description of events and incidental/accidental scenarios.

In this scenario section, the safety engineer will use the developed OGS diagram,
event and scenario diagrams to describe the different incident and accident
scenarios triggered by various initiating events. The functions performed by the
components in these scenarios will be useful in the safety specification view.
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Scenario

Safety Verification / Safety Authority

Safety Engineer

Domain Engineers

Project Management

Nuclear Safety
Engineer fix their
safety global
objectives

Attribution of safety

global objectives to

functioning situation
(safe, incidental, design
basis accident, beyond
design basis accident)

Events description

/ Agressions)

Functioning condition} - - - -

Evénts

Safety scenarios
modelling (composed

of components in
functionning
situation).

Domain Engineers
models their system

(components) : Need
/ Logical / Physical
view etc.

O

Request for modelling
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Safety requirements specification view (cf. 5.1.5.1, Figure 60), in which are set:
e Items important for protection (IIP).

e IIP classifications and qualifications.

e Safety requirements and their allocation to components

With the analysis of the various scenarios, the equipment important for protection
is identified. Depending on the role performed, safety classes as well as
qualifications to the aggression are specified. Based on this and various risk
analyses and applicable regulations, multi-level requirements are specified for
each component and equipment. This work is based on collaboration between the
safety engineers and the various other project areas. In this context, the sharing of
architecture diagrams with our safety extensions, classes, and qualification
attributes as well as requirements related diagrams and matrices (RPBS,
Traceability, Component Requirements) facilitate information sharing,
communication and understanding.

122



Safety specification

Safety Verification / Safety Authority

Safety Engineer

Domain Engineers

Project Management

IIS components identified on
the basis of the function they]|

protect in the scenarios

It is preferable to start

with the specification
(qualification/classification)
depending on the scenario
and then to make a list of
EX, CA to be ensured

and a pre-list of ED

(based on the qualification,
classification and the
knowledge of the

safety engineer)

this will be confirmed

or not by the

domain engineers and they will
make their proposals

A

F—

(" Allocate requirements to
those IS components
based on their

qualification/classification
(RCC/Generic etc.)

Requirements can be EX,

@A, ED and ensures an FPI

~
Specification of
components
qualification/classification
to be qualified for the
scenarios calling for them Based on the proposed
to protect the safety EXs, CAs Domain
function Engineers
proposes EDs for their
components linked to
their domain
The safety engineers
make an analysis of the
aggressions/risks and the
applicable EXs, the
resulting CAs and their
related EDs with domain
experts
o _/
Requirements
Referential
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Demonstration specification view (cf. 5.1.5.1, Figure 61), in which are set:

e Allocation of requirements to claims (enabling the design/demonstration
link).

e The CAE framework [50] [34].

As the design progresses, the specification of the desired demonstration is carried

out using the CAE framework and the matrices for allocating requirements to the
claims to be demonstrated.
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We have thus seen in the previous sections the first three elements of the expected
approach to Pillar 2:

- The development of a meta-model highlighting three complementary and

interrelated views on important safety concepts.

- The proposal of languages allowing to establish models, with the more usual
graphical concrete syntax in MBSE, but also matrices linked to these
languages.

- An operational approach that fits into the system engineering approach and
indeed into an MBSE framework.

In the following part, and to respond to pillar n°3, we develop the tooling phase
aiming at an ecosystem of supporting IT tools. It covers both the Al tools
implementing the Al techniques (pillar 1) and the actual tooling of the method
introduced above (pillar 2).

5.1.6 Pillar 3: Ecosystem of tools

Tools
Ecosystem

Tool-based
methodology /# Ad-hoc
developed tools

3
I

Figure 62 Pillar 3 and tooling

We will therefore introduce this part by separating the tools specific to pillar 1
and those of pillar 2 and then integrating them into a coherent and interoperable
ecosystem of tools. It is indeed necessary to link the contributions in Al and MBSE
by considering the question of interoperability (tools, languages, models) and by

proceeding by means of adapted HMI (Human Machine Interface).
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5.1.6.1. Deployment of Al tools
The first version of the algorithm was made available to engineers through,
initially, APIs (cf.Figure 63), which notably allow calls to functionalities and work
on interoperability through scripts:
- Reader API:
o Document Layout Detection
o Text, tables, figures extraction
o OCR, table structure recognition
- Extractor API (the classification algorithm trained on our requirements
which takes as input the output of the API reader):
o Automated requirements extraction using transformers models
- Analyzer API (with some ongoing work on requirements engineering):
o Semantic duplicates detection, automatic clustering
o [WIP] Quality analysis
o [WIP] Contradiction detection
o

Requirements comparison

The finalisation of the webapp is still a work in progress (cf. Figure 64):
- [WIP] Python backend (REST API with FastAPI) + Angular frontend

|j Pre-builtmodels

Common requirements

gy knowledge
Asw
Coil

C DeepREXT

ReaderAPl  ExtractorAPI AnalyzerAPI Web app
* Document Layout «  Automated * Semantic duplicates = [WIP] Python
Detection requirements detection, automatic ~ backend (REST API

¢ Text, tables,

extraction using
figures extraction

transformers *
¢ OCR,table models
structure .
recognition

clustering

[WIP] Quality
analysis

[WIP] Contradiction
detection

[WIP] Requirements
comparison

with FastAPI) +
Angular frontend
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=29 .
[ DeepREXT Engine

Figure 63 APIs and webapps for algorithms

pump
| chcc ]
Reactor Type Found: (3) requirement(s)
EPR/PWR (1516) e
Components Reactor
D Filename  Type Requirement Section Page  Tables  DeepREXT Score
During these tests, the performance of the pump unit
pRpwR | o Checked ) (A oL 23 Ne 0.9979856014251709
& The temperatures of the bearings and thrust performance tests
bearing(s) are measured.
For pump v nerally manufactured at the
RQ- 5, for which the
5.1.2.1 Bendi
00000158- ; EPR/PWR vourable, on-sifp checking S No 0.99976646900177
X ) L 9 behaviour of shaft line
1A given in
paragraphs 4.2.5 of the BTS and BSTC is sufficient
For pump units generally manufactured at the
RQ supplier/manufacturer's, for which the )
" ; N ) 5122 Torsion i I
inspection (43) 00000162- EPR/PWR ack is favourable, on-site checking 7 No 0.999962566283081
i ghren 9 behaviour of shaft line

minimum [min] (43) wu

paragraphs 4.2.5 of the BTS and BSTC is sufficient.

© 2019 Assystem

Figure 64 Webapp deploying requirements extraction algorithm

5.1.6.2. Contribution 3.1: Deployment of the
work through the Capella software

The Capella tool [101] was chosen because of its extensive use in the

company's projects. Also, the open-source aspect of the tool as well as the

development possibilities are interesting for our work. Efforts have been made to

integrate this method into an add-on for this software. It is therefore around this
software, the Arcadia method [102] (Figure 65) and the Arcadia DSML language

[101] [102] that we are integrating our current research to integrate our concepts

and methods specific to safety demonstration.

Development is done under the Capella Studio platform which provides a fully
integrated development environment that aims to facilitate the development of
extensions for Capella.
It provides developers with a platform containing both:

— Kitalpha and Eclipse modelling frameworks and tools

Eclipse [103] a project, broken down and organised into a set of
software development sub-projects, of the Eclipse Foundation
aiming to develop an open source software production environment
that is extensible, universal and versatile, based primarily on Java.
Eclipse is both a Development Environment, a framework, and a
platform”.
Kitalpha [104] an environment for developing and executing
Model-Based Engineering (MBE) work for system, software and
128
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hardware engineering, it makes eclipse integrate the System
Engineering ISO/IEC/IEEE 42010:2011 standard [60]"
— Libraries of the Capella modelling software for engineering.

™ Operational Analysis
\‘-/ A3 What the users of
o i5 the system need to
— 5 accomplish

Functional &

Non Functional Need
What the system has to
accomplish for the users

Need understanding

Operational activity
F : Function
C: Component
Logical Architecture
How the system will work

to fulfill expectations

c
L)
@
o
o
®
<
3
2
o
)
=
e
o
=
L)
c
L2
]
2
[}
A

Physical Architecture
How the system will be
developed and built

Figure 65 Arcadia method with the addition of the safety add-on

Integration of the metamodel with the Capella metamodel

As explained in section 5.1.5.1, elements of the metamodel have been
identified as pivots between the metamodel present in Capella and the concepts of
our metamodel. These pivots elements are those identified and formalised in
various normative documents such as ISO 15288 [39] or the ARCADIA method of
Thales, which the CAPELLA tool allows to apply. Also, the highest level element of
our metamodel from which each class inherits "SafetyStudySystemBlock" extends
the highest level class of Capella "capellamodeller.SystemEngineering”. Further
extensions through class associations have been established between the
elements of our metamodel and the Capella metamodel (cf.Figure 66))
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B safotyStudySystemBlock

Class SafetyStudySystemBlock {
extends capellamodeller.SystemEngineering
superClass NamedSafetyElement
Associations:
studyElements contains [@,*] SafetyNamedElement changeable: true ordered: true unique: true

[0 7] islsswadFreim Study }
[0.."] stuchyEls
R ) i ) Class Event {
H SofatyMomectiomant superClass SafetyNamedElement
. . 2 | Attributes:
=4 =  Cgf sfarames
& idn=piredFenm = Safatiilotaroarat oomicgaRep ooy //loccurrenceDate type ecore.EDate changeable: true ordered: true unique: true

£ hasCharactaristics : Characts occurenceProbability type ecore.EFloatObject changeable: true ordered: true unique: true
! documentedBy : Document Associations:

initiates refers [@,*] SafetyScenaric changeable: true ordered: true unique: true
- = inducesRisks refers [@,*] Risk changeable: true ordered: true unique: true
L assoScenario refers [@,%] interaction.Scenario changeable: true ordered: true unique: true
}
| Modeiking DAML
£ data: Data 0.9 angings

£ refersdinDataStructurs : SafetyReferencelnowlsdgeRapositony

E3# characteristics : Charactaristic

Figure 66 Integration of our metamodel to Capella's metamodel

Development of diagrams in Capella

The diagrams mentioned in section 5.1.5.2, were developed in Capella. A
total of 12 diagrams/matrices were either created or extended from existing

diagrams. (cf.Figure 67)
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Adding the different activities to the Capella activity diagram

The future objectives of this work will be to integrate these modelling practices into projects with a
nuclear safety dimension. To do this, we have begun by integrating our safety diagram creation activities
into the Capella activity diagram (called "workflow" in the software cf. Figure 68). The objective will be to
take advantage of feedback on the evaluation of the method to identify possible improvements to the
diagrams and matrices. We could also consider the possibility of adding new diagrams. Also, more precise
processes could be described on the use of such or such activities (in relation to the method's diagrams) to

be used according to the project's progress phases.

Workflow of EPR

Nuclear Safety
Nuclear Muclear safety concepts implemented in Capella

Nuclear Operational
Safety > Safety 2 Analysis >

Define Stakeholder Needs and Envil

+ Vue scenario
Operational Capture and consolidate operational needs from stakeholders

Analysis Define what the users of the system have to accomplish D d (se cree a partir d'un k)
Identify entities, actors, roles, activities, concepts D de vue haut niveau de ion des objectifs globaux de surete, des situations, des scenarios (se cree a partir d'un nBlock)
« Vue specification d'exigences de surete
Formalize System Requirements D d'archi systeme avec extensions surete
System \Dd:fr_mfy t:a b;undary nfhthe system, m‘n;u‘\:ldat: requirements b o logique avee extensi
! ine what the system has to accomplish for the users
Analysis ¥ P D darchi physique avec extensions surete
Model functional dataflows and dynamic behaviour
D lien exigences surete (se cree en double clickant sur une EX, CA, ED dans les d' systeme, logique et physique
D de tracabilite des exigences => 1) Le d general (avec toutes les exigences qu'on peut relier 3 agression ou scenario) se cree a partir de d Bl

Develop System Logical Architecture

Diagram exigence autour d'un composant (se cree en double clickant sur une safetyComponent dans le diagramme physical architecture

Logical See the system as a white box
: ; i H B < les safetyComponent (s y -
Architecture Define how the system will work so as to fulfill expectations Table quirecense s de tous les safety it (se cree & partir du grand tout, celui avec |a classe

juste en bas du .aird)

Perform  first trade-off analysis Table qui recense les exigences associes a tous les safetyComponent (se cree a partir du grand tout. celui avec Is classe c

juste en bas du .aird)

« Vue specification de demonstration

Develop System Physical Architecture

Di specification de (peut se creer a partir d'un k d'une EX. CA, ED)

Physical How the system will be developed and built
Architecture Software vs. hardware allocation, specification of interfaces,
deployment configurations, trade-off analysis

Table claim (oeut se creer a partir d'un SafetvStudvSvstemBlock d'une EX. CA. ED1

Figure 68 Adding method activities to the Capella workflow
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Capella features for the REK (Repository of Expertise and Knowledge)

The Capella software offers tools to move towards the concept of "Repository of Knowledge and
Expertise" described in section 5.1.5. Although the solution is not optimal, we can save parts of models that
can be reused in other diagrams, projects, etc. This functionality described in [101] is called "REC/RPL" in
Capella (Replicable Element / Replicable Pattern). We demonstrate this in the Figure 69, through the reuse
of a part of a demonstration specification model around a fire case.

:::::

Figure 69 Use of Capella's REC/RPL function for the Repository of Expertise and Knowledge
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5.1.6.3. Contribution 3.2: Extension of a Python library for interoperability
via API between software and Al algorithms

In this part we will present the means used to integrate the use of the Al algorithms presented in

section 5.1.3 to the modelling activities on the Capella software. To do so, we have worked on the

interoperability of Al algorithms in the use of models. We will present the results in more detail in the case

study.

Adaptation of Python4Capella to our metamodel concepts

In a first step it was necessary to adapt the Python4Capella library [105] which allows to interact with

Capella models through the use of Python. This offers many possibilities of interoperability; however, it was

necessary in a first step to adapt the library to our add-on (cf.Figure 70).

To do this, the following steps were taken:

Addition of the "get_safet_study_system_block” function in the modules of the
"SystemEngineering" class through the "ownedExtensions" module. As a reminder, the element
containing our metamodel (cf.Figure 66) extends the highest-level element of Capella. Through
this extension, we recover our safetystudysystemblock.
Definition of the SafetyStudySystemBlock class by making it inherit from SystemEngineering. Thus,
we get all the modules of this inherited class. In the initiation of this class, the path to the
metamodel has been modified by ours as well as by the metamodel element concerned (here
SafetyStudySystemBlock and then the "self" element in each of the classes described).
The classes FPI, EX, CA, ED, Classification as well as Safetycomponent were in turn described by
making them inherit from the created class "SafetyStudySystemBlock".
Finally, scripts have been written to perform functions to achieve the interoperability objectives:

o Adding and associating safety requirements to safety components.

o Import of safety requirements (FPI, EX, CA, ED).

o Extraction of information from the metamodel for querying Al APIs.

o AIAPIcall.
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Script for Al interoperability with MBSE

As described in the principal script (previous section), it is through the API call that we query our
algorithms. We first extract the information from the model through the Python4Capella modification, and
then run the queries. The retrieved information is then fed back into the model if it satisfies the user
concerned (cf.Figure 71, Figure 72). This choice is made via a graphical interface for selecting the applicable
requirement and its type (FPI, EX, CA, ED). Through this interface, the user is also able to consult the origin
of the requirement in the context of the document in PDF format.

Model element choice

AN
¥
{ raction o
attributes from
the elements
mo
Webserver
Algorithm
. S
‘ ~
- ’ -
API processing ‘
L4 B

Proposition of
output to the user

|

Injection of
elements to the
model.

Figure 71 Generic Interoperability between Al and MBSE

136



e giel 8] eeutln LI

Model element choice

ot
- AT iy AP B0 Bemtms.  Blesetees  Bimptess  Ben BeUssc  ANeOwmOS A PAIW 5%
= Bewclmrtlacig-las - =
AERaG-Ne-
ot Compenern.
2 B Compmars
N jersw—.
, o decemmen,
s 2 Commen
: L s S
m
Sionof e
 Extraction of G : A
attributes from - ‘e
the elements ‘o
(e P ] .o
iid ¢ Gl maropant ni
Webserver s
N
* A g N\
Algorith 1A O st oz o o
a . -] i N et smenCapandt ot S
@ SRO F et e
= ® /. § . e i et o " N\ S Componnt A
+ ke . e D e " N SetCamponnt £5
+ compo 3+ e mgact At N\ pwscshocton
AN et bt s Vi " N CUmywcatunsen
g CAPyncatumctn
SR st b Noareee
o Sty T o M g Vo . »
L B femd 1o Mo Visshtaten Ve » A whetlih
@ Sy boe " D ssdomatequenes
rivmpe PSSR ——
@ s 5 R it s Ditwpeten  ©Comme 10 B Samt s [ ViwpomtMager e
& .
e L et S SXRLBFPF| O ) -Crottupem
g @R ? [y ————
S e + Pammpaissees o pord o componsnt aovt Jomais Af\nc3Nsetelowre \Rc3\AsR Vi \ne3\neh 1 encoption d 1s some cyLindelm 4o petin Smiaciiastire ot de Lo portion baminc3\astdioions A
g
-  Fosusansloosa el riptiom du § TH31.4) sont \ncT\xebtendors sus comporants de contenance \wel\aB\ed 100 \xef\xEi\xec remtramt dens Lo constitution de ce met\scd\xebelel.
T A SR ftion des comporants contre les surpressions o3t sssurincSiaate por loqul dov e protection subvents - wtilisetion des ot

br oo pretection comre les swpreveions doft €iacTiastdinie Loy pyatiaciientmes ot les compotants \ue3\es® protisc3iuanger ot o tystincd\sates dr protection datinci\uetgrineiiunt fou

i Impet squemrars o Dovphen
St [ U—— Bocttincs\ass tenale de #inch\nmbcharge dos dispeninifs ogissmt par dinitoriom dirocts de Lo proveion (cortiFi\uci\aste selon 1o 8 90, tilisincrinste pour Lo protoction contre los
o ™™ taame ol enctans )
& Tttty . | ‘ A Phon V01 € S Sy
7 Choose requirements relsted o the compenent - o x
Composant : robinet I
11S Status - None v E

Is Barrier : None

R Proposition of -

Seismic qualfication: None

Exigences possibles output to the user

310,

=

ArBi-| SR wrme| e B @& 0

Yes {Fcomposant

4 SafetyComponent

£D: (2) Pout es composants ou pidces du CPP isuhant A
& 4220 en 3cer inonyoabie austéniaue ou steno: + &
ferntique ou en alliage base nickel, | engence de 0.20% &5t P
( \ ED: Les composants de supportsge rédute 8 0,10%.
Inchiant les ancrages, collers et . ///’ P
4 supports gissants donent étre SatetyComponent
congus conformément aux engences. | _— + ClasicationDependfromPl
duolu
e N FPLEX
N exca
) ANY: ]
"\ SafetyComponent_Classifica...
"\ ClassificationDependFromFP...
"\ SafetyComponent_EX
"\ SefetyComponent CA
"\ SafetyComponent_ED
\\ FPI_PhysicalFunction
\\ EX_PhysicalFunction
"\ CA PhysicalFunction
"\ ED_Physicalfunction
& refreshlink
7 addOtherRequirements

Figure 72 Integration of Al to requirements modelling step



Several user scenarios have been set up, which we will not detail because they approach the case illustrated in the
Figure 71. What really differs is the type of research performed on the requirements. In the first case (cf Figure
73), the user uses a simple search engine (weighting methods type [106]). In a second case, the one illustrated in

the Figure 72 , the search first uses an augmentation of the search terms through synonyms of the selected

component ( via the WordNet library [107]). This is

then coupled with domain rules linked to metadata (cf

5.1.3.2) which filters the requirement proposal space to the user. In a third case (cf Figure 75)., The search is

called "semantic" because it is the linguistic hint used to generate a vector space from all the requirements in the

project. Once this space has been generated, the selected requirement is compared (in terms of cosine distance)

with the other requirements.

Search requirements

[vemnd

Les essais périodiques doivent étre congus pour respecter les caractéristiques suivantes : suivantes : ¥ pour le matériel d'instrumentation : o les signaux générés lors des essais : - er

La conception des tableaux dlectriques, des cables, des élect et des récepte

d

les moteurs, les actionneurs, les é I

Anoter que, pour les vitesses moyennes inférieures 4 6 m/s, seuls sont concemés les éléments des circuits susceptibles de perturber le profil d'écoulement du fluide, & savoir i les

Les sections circulaires des parties droites de diamétre intérieur d'm > 1,5 dm (tubulures de vannes venturi par exemple) doivent avair une épaisseur locale de paroi t'm telle que:

NOTA : En fonction des conditions d'utilisation, ce choix doit tenir compte des d

ftesi1) I

fusion d'alliage 4 base de cobalt en contact ave:

Les section circulaires des parties droites de diamétre intérieur d'm > 1,5 dm (tubulures de vannes venturi par exemple) doivent avoir une épaisseur locale de paroi tm telle que:

Les efforts éventuels dus aux poussées des vannes de décharge et d de sireté résultant des t d

et des coups de bélier, doivent étre considérés dans

Le préchauffage prévu en $ 1320 est imposé pour e soudage des composants listés ci-apres, lorsque le présent volume leur est applicable . le circuit VWP, du générateur de vapeur

2
|
=]
X

Cancel Finish

Figure 73 Requirements search engine
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Choose requirements related to the component

Composant : robinet
1S Status : None

Is Barrier : None

Barrier Type : NYD

Seismic qualification : None

Exigences possibles

X

Pour les organes de robinetteric et les tuyauteries, ces deux étapes sont rassemblées dans un chapitre unique (8 3500 et B 3600 respectivement) avec cependant la possibilté sui

Les régles relatives 4 la conception des organes de robinctterie sont données dans le présent sous-chapitre.

En conformité avec les dispositions générales du B 3110 les exigences de ce sous- chapitre ont pour seul objectf d'assurer lintégrité de I'enceinte sous pression des organes de

Les organes de robinetterie dont la dimension nominale DN est supérieure 3 50 sont acceptables s'ils satisfont soit les régles standards de conception (B 3512.1), soit I'une des ré

Dans tous les cas, les dispositi

du B 3530 relatives aux

admissibles en fonction de la tem pérature doivent étre respectées et, sauf localement (voir B 3221

L conception des organes de robinetterie est considérée étre acceptable si ' ensemble des dispositions de ce sous-chapitre ainsi que leurs conditions d'application sont respect:

b) ci-dessous est suivie :a) dans le cas ol la conception de I'organe de robinetterie satisfait aus régles des B 3530 et B 3552 (qui ne prennent pas en compte les contraintes therm

~

I'analyse defatigue (B 3234.6 et B 3252.3) doivent également tre satisfaites, b) dans le cas ou la conception de l'organe de robinetterie satisfait aux régles des B 35303 B3541 et

Les organes de robinetterie dont la dimension nominale DN est inférieure ou égale 3 50 sont acceptables s'ils satisfont aux exigences des B 3530 et B 3541 relatives 3 la détermin:

Les organes de robinetterie de dimension nominale DN inférieure ou égale 50 peuvent également étre congus conformément aux dispositions du volume C.

Les dispositions générales du B 3100 relatives aux situations et aux sont applicabl

organes

Cependant, lorsqu'un organe de robinetterie est pourvu d'un opérateur constituant une superstructure, et que la tenue de cette superstructure est essentielle pour conserver lin

Les organes de robinettsrie standards sont ceux correspondant au séries de pression prévues dans le tableau B 3531 t pour lesquels la pression admissible est déterminée en fo

Les valeurs des contraintes équivalentes 3 utiliser pour la conception générale des organes de robinetterie sont données dans les tableaux Z11.0.

Les parties principales d'un organe de robinetterie sont représentées et identifiées sur la figure B 3534.1

L'épaisseur minimale de paroi du corps d'un organe de robinetterie doit étre déterminée 3 I'aide des regles du B 3542 ou B 3543, sauf pour les zones concemées par e B 35445 (¢

Ces exigences sont applicables aux organes de robinetterie 4 passage restreint ou & passage intégral, exception faite des cas d'application du B 3544.8,

* Un argane de robinetterie est dit standard s'il correspand 2 la définition donnée en B 3531.1,

2) pour les organes de robinstterie de diamétre nominal supérieur au

sur DNI0D@):mmmmtd3d2t >’ (@)

b) pour les organes de robinetterie de diamétre nominal inférieur ou égal au raccordement sur tuyauterie de diamétre nominal DN 100 (4°), I'épaisseur minimale locale de paroi

b) pour les organes de robinetterie de diametre nominal inférieur ou égal au raccordement sur tuyauterie de diamétre nominal DN 100 (4"), I'épaisseur minimale locale de paroi

L'épaisseur minimale de paroi des organes de robinctterie non standards est déterminée conformément & la procédure suivante :a) les épaisseurs minimales de paroi t1 et t2 cor

12007 Un argane de robinetterie est dit non standard s'l correspond a la définition donnée en B 35312,

| | g |

1) A partr d'un schéma du corps de I'organe de robinstterie, dessiné avec précision et représentant la section définitive de la zone de raccordement, sans surépaisseur de corrosi

La valeur admissible dle la contrainte équivalente 3 utiliser st la valeur de Sm 3 260°C (500 °F) donnée pour les matériaux de corps d'organes de robinetterie dans les tables Z1 1,

Cependant, dans le cas de corps d'organe de robinetterie trés irégulier, il est recommandé de vérifier toutes les sections de la zone du raccordement pour s'sssurer qu'on 3 bien

La valeur admissible de la contrainte équivalente est le Sm du matériau du corps de 'organe de robinetterie pris & 260 *C (500 *F), donné par les tableaux Z | 1.0,

oii:a) 1) Les symboles intervenant dans le terme de pression ont la définition suivante : ps: pression de calcul standard définie par le B 3552.1, 1i: rayon du cercle circonserit au ¢ v
<

>

Cancel Finish

Figure 74 Requirements search with term expansion by synonym and filtering by domain metadata

1 Choose similar requirements

Exigence : Le Donneur d Ordre doit identifier les domaines de conception de référence et étendu définis pour e projet, en particulier les événements initiateurs, les séquences accidentelles et les régles d'analyse relatifs aux systémes électriques et aux systemes de controle commande.

Type: FPI

(0.2)Si le Donneur d'Ordre  défini une démarche vis-:

vis de la défense en profondeur, celle- ci doit éire prise en compte dans la conception de I'architecture des systémes élec

(0.8) Pourinformation, la démonstration de sireté repose sur: ¥ un de référence défini afin

" sur la base d'

(0.78) Les perturbations conduites et rayonnées (définies dans les paragraphes suivants) doivent étre analysées. Le Cahier de Données de Projet doit spécifier, le cas échéant, les

©77 D demise en ceuvre des anal liné ées en Annexe ZC.

©7D et & queles syst tribuant & la mitigation des accidents graves du domaine de conception étendu soient indépendants des systémes du domaine de.

(0.76) Cette démarche est mise en ceuvre dés la conception. Elle est itérative pour trouver rel tés des technologies, les dispositi =

(0.75) Le Donneur d'Ordre doit définir les marges de sécurité et leurs liews d'application : 2 au niveau des systémes et/ou des & ks, % en amont des spé au ni
o (0.74) Ces situations de fonctionnement, les niveaux de critéres associés, et les sollicitations 3 prendre en compte sont précisés dans la commande.

© (0.74) La conception est réalisée en deux étapes:- étape de dimensionnement, puis, - analyse des contraintes.

o (0.74) Les redondances d'un groupe fonctionnel de sireté contribuant 3 la mitigation des accidents du

de référence

o O7ILe des opérations périodiques étre dé niveau des systémes dlectriques et contréle commande.

© (0.73) Pour identifier le cas il 4 décrits i dessous. Ces évaluati

en compte les exigences définies aux IV.3422

o (072} C

41V.3432-4, le

a minimail doit étre évalué, pour toutes les conditions de fonctionnement de la centrale (y compris en pl

© (0.72) Le systéme dlectrique est congu selon e processus de conception suivant

 spécification des exigences en cohérence avec la spécification du besoin définie dans le volu

o (072) Les évé ts initiate cif

au projet sont définis conformeément au 12131,

o @71)La devra tenir écif

o (0.71) Le Donneur d"Ordre doit identifier les
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5.2 Summary of contributions

We summarise in Figure 79 the contributions according to each of the pillars. These works propose seven
main contributions around artificial intelligence (pillar 1) and MBSE (pillar 2) for nuclear safety and their tooling
and interoperability (pillar 3). In the following section, we will present an application of these contributions on
two nuclear installation systems.

N O N 7 N
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o f N (f ™
A1 Crteatlon of 31141 2.1: Concepts (~50) 3.1: Deployment of work
[SHiiementicoRLsl ) and metamodel (abstract through the Capella
on IAEA documents and syntax) of nuclear safety t
training of the BERT model : sortware
& J \ J
4 . : .
B 3;?1543) (" 22:05mL Concret cles 12 ACCL A
q P syntaxes (graphical and Python4Capella for
and metadata on RCC and textualltables) and . o A
training of the camemBERT ti interoperability via API
\_ model \_ semantics ) between software and Al
algorithms and creation
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- \ O\ J

Figure 76 Summary of contributions
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6 Application and discussion (use case)

In the remainder of this manuscript, we will apply this methodology to two case studies which will
allow us to cover most of the diagrams and tables developed. The diagrams not used in these case studies
are those of the General Safety Objectives (OGS) as well as the functional and physical architectures. The
input data did not allow the coverage of the OGS (high level diagram). For the functional and logical
architectures, our method provides the same functionality as for the physical architecture diagrams. The
add-on developed allows the transition of requirements between each of these levels to be managed. This
makes it possible to respect the recommended stages of modelling via the ARCADIA method in Capella
(cf.Figure 65).

These safety studies are related to two very different systems of installations:

- The Main Steam Relief Train (VDA) system of the EPR under construction.
- A pump system for a cooling circuit of an XSMR (Extra Small Modular Reactor) [108].
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6.1.1 VDA System

The VDA system is a discharge valve to the atmosphere (see Figure 78).Figure 77 [21]) in the
secondary circuit of the European pressurised reactor (EPR).

X a” TaTa N
. Atmospheric discharge '
valves (VDA)

Valves

Steam generator

5 X

1
é Steam shut-off valves

Water
inflow

Steam/water
separator

Exchange tubes

Tank

Water box

Pump

. o

— Drains

Figure 77 Relief valves and steam line valves (MA refers to radioactive activity measurements of the fluid)

With the primary circuit at 155 bar pressure under normal operating conditions, if a sufficiently large
breach occurs in one of the steam generator tubes, the water and pressure transfers will cause the relief
valves and safety valves in the affected secondary line to open. There is then no longer a 'barrier’ between
the primary fluid and the environment. It is this GV tube rupture that we will consider in the scenario

analysed in this case study.
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6.1.1.1. Steam Generator Tube Rupture Scenario - 1 Tube

This case study deals with a Steam Generating Tube Rupture (SGTR), with 1 tube damaged. The main
consequence of this failure is the loss of the second barrier and contamination of the secondary water. This
can lead to the release of radioactive products into the atmosphere if the VDA is used. Consequently, it is
necessary to act as quickly as possible to limit the release of radioactive materials. For this purpose, the

study will be carried out in two phases:

- Short-term phase: stopping the leak
- Long-term phase: reaching the safe state, with possible release of radioactivity due to the use of the
VDA train associated with the affected SG

State Controlled Breakdown

Initial State: For this transient the unit is in State A: Reactor on power. There is a breach in a SG tube
resulting in a loss of primary coolant. As the pressure in the primary is higher than in the secondary, water

from the primary enters the secondary.

Sequence of events: The loss of primary coolant leads to a pressure drop in the primary and contamination
of the secondary due to primary water leaking into the secondary. In response, an AAR (Automatic Reactor

Shutdown) occurs. This can come from different sources:

- The evacuation of water in the radioactive SG (SG affected by the SGTR) leads to a drop in the level
in the primary and in particular in the PZR (Pressurizer) If N PZR < MIN2p + P2 this will trigger an
AAR: RGL-SFG-01G (nomenclature of the safety functions [27])

- The discharge of primary water into the radioactive SG leads to an increase in the SG level. If N GV >
MAX2p, this triggers an AAR: RGL-SFG-01B.

- The water from the primary that arrives in the secondary is radioactive. Therefore, the
radioactivity sensors in the secondary will indicate to the operators a significant radioactivity KRT-
SFG-01aA. The operators then manually activate the AAR. RGL-SFG-01Z.

What determines which of the three elements triggers the AAR is the initial state of the slice:

- Full power operation: the radioactive SG level will not increase significantly. The AAR will
therefore have been triggered on low PZR pressure.
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- Zero power operation: in hot shutdown the heat from the primary transferred to the secondary
is insufficient to vaporise the flow at the breach. The level of the radioactive GV therefore
increases until an AAR is triggered. The radioactive SG is isolated on the water side: ASG
(Auxiliary power supply to the SG) isolation: ASG-SFG-02A and ARE (Normal power supply to
the SG) isolation: ARE-SFG-06A, ARE-SFG-03H.

In this study, the AAR will be triggered automatically before manual intervention by the operators.
The VDA will open automatically when N GV > MAX2p VDA-SFG-02C is reached.

The continuous loss of coolant causes the PZR to drain. The pressure in the primary circuit drops and the
RCV (Chemical and Volumetric Control of the primary circuit) is not sufficient to compensate for the loss of
water. An IS (Safety Injection) signal is quickly triggered on the criterion of P PZR < MIN3p, the RCV will no

longer be used to compensate.

There is also partial cooling following the triggering of the IS signal initiated by P PZR< MIN3p or N GV >
MAX1p in the radioactive GV. This partial cooling allows the temperature and thus the pressure in the SG to
decrease by reducing the set pressures of the VDAs VDA- SFG-02D.

The IS signal will start the ISMP (Safety Medium Pressure Injection) trains to compensate for the loss of
primary refrigerant. However, the ISMP pumps cannot inject water because the primary pressure is initially
above their operating range.

The controlled state is reached when the ISMP trains, and possibly the RCV, can compensate for the loss of
primary water. However, since the leak has not yet been treated, water from the primary continues to flow
into the affected SG through the breach.

State Controlled -> Short-term phase

The SG affected by the SGTR (Steam Generator Tube Rupture) is identified and isolated as a result of the

combination of the two signals:

- NGV >MAX2p

- End of partial cooling
The SG affected by the SGTR is identified and automatically or manually isolated. To perform this isolation,
the VDA set pressure will be automatically raised above the ISMP injection point but below the opening
point of the VVP (Main steam circuit) protection valves , taking care to close the steam isolation valves
VVP-SFG-01A / VVP-SFG-01B. Thus, if the previous openings of the VDA are not considered, no release of
radioactivity into the atmosphere takes place VDA-SFG-03A.
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The RCV charge line will also be automatically isolated at the end of partial cooling when N GV > MAX2p
RCV-SFG-02A as well as the injection at the GMPP (Primary Motor Pump Unit) seals RCV-SFG-05A.

Following the isolation of the affected SG, the flow from the breach increases the pressure in that SG. The
pressure in the SG will increase until it becomes equal to that of the primary. The flow rate at the breach
then becomes zero: the end of the short-term phase is reached, where the water in the primary no longer
drains into the secondary. The isolation of the GV means that no more radioactive material is released into
the atmosphere. Indeed, as the GCT (Global Turbine Bypass) was unusable and the VDA was favoured, all

the steam leaving the VDA was contaminated.

Short-term phase -> Safe state

Safe state: The safe state is reached when the SG is isolated and at least one RIS-RA train in RA mode
(Reactor Off mode, cooling SGs cannot be connected with these physical parameters) is connected to the

primary.

To do this, operators need to carry out various actions:

- Boron injection: During cooling, the RBS (Safety Borication Circuit) will inject boron into the RBS-
SFG-01Z primary. Once the desired boron concentration is reached,
- The operator stops the RBS RBS-SFG-03Z.

- Primary cooling: Cooling is carried out from the three remaining operating SGs, which are
associated with the ISMP to avoid disturbing the pressure balance between the primary and the
affected SG. Once the radioactive SG level drops below MAX2p, the operator opens the VDA on the
other SGs VDA-SFG-02Z to depressurise to 30 bar. It is possible to feed the SGs with ASG (Auxiliary
water supply to the SG). The ASG tanks are large enough to reach RIS-RA conditions in RA (Reactor
Shutdown) mode before the tanks are empty. In the event of a ASG train failure, the tank of the
failed train can be locally connected to another train by opening the ASG barrel upstream of the
DSC-SFG-05A pumps or downstream of the DSC-SFG-06Z pumps.

- Primary depressurisation: At the end of the previous cooling stage, the primary pressure is higher
than the connection pressure of the RIS in RA mode. At this point, if the level of the affected SG is
too high, the operator opens the transfer valve to the adjacent SG (SGs work in pairs) APG-SFG-
027Z. The aim is to avoid the risk of water hammer on the failed SG. This also prevents the
overfilling of the faulty SG, as the more it is filled the greater the potential for release to the
atmosphere. Consequently, the second GV must be prepared to receive water from the radioactive
SG. To do this, it is necessary to:
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o Lower the level control value of the second GV slightly above the MIN2p setpoint.
o Stop the ASG ASG-SFG-02ZS, close the VIV (Steam Isolation Valve) VVP-SFG-01Z and
increase the pressure setpoint in the SGs via VDA VDA-SFG-02Z.

As soon as pressure and temperature allow, the operator switches the RIS trains to RA mode RIS-SFG-08Z.

The safe state is reached (described in Figure 78).
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6.1.1.2. Classification and requirements

The scenario described in the previous section is detailed in terms of functions in the tables in
Chapter 15 of the HPC EPR safety report [27]. The functions performed by the components are linked to
safety classes (see section 2.2.2.7) which are themselves linked to certain types of requirements. These

elements have been used to model the following diagrams (in green and red in the Figure 79).

’s
Scenario view OGS Diagrams Events Diagrams Scenarios diagrams

Diagrams Safety Classification Table
Safety specification view Logical Architecture Safety Reqwrlemems Safety quulr_&ments Safety Reqmrelmenls &

Diagrams Breakdown Diagrams Traceability Diagrams Component Diagrams

Physical Architecture S D
. Components Table

\ Diagrams j
Safet_y. der_nons_tratlun CAE Diagrams CAE & Safety
specification view equirements Table,
.

Figure 79 Diagrams and tables of the VDA case study
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6.1.1.3. Modelling the case study

Events Diagram/Scenario Diagram

As explained in section 2.2.2.5, initiating events are important in the conduct of the safety
demonstration of an installation. Depending on the type of installation, a more or less complete
formalisation of these events is carried out. In the case of EDF reactors, this work has been carried out on
all levels to establish families of accidents that are conservative in their consequences. The study of the
scenarios makes it possible to make design choices according to the roles played by the components with
respect to the accident. In the event diagram modelled in this way (cf. Figure 80) are listed the initiating
events of type PCC (Operating Conditions) and categorised in probability of occurrence (PCC 2, 3, 4, cf
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4 FunctionCondition : Spurious RT (State A)
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Figure 80 Event diagrams for EPR and PCC events

section 2.2.2.5).
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Each of these events is linked to one or more scenarios. In this case study the scenario (cf. Figure 81)
described above "Steam Generator Tube Rupture (SGTR) (One tube)

e VA
s bt
R e ‘-isu«hz

Husture vers et contrale

Figure 81 Steam Generator Tube Rupture (SGTR) (One tube) scenario
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Physical Architecture Diagram
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Figure 82 Part of "Safety Component" and "Classification" classes properties

The analysis of these scenarios allows the addition of safety attributes in terms of classes and
requirements (according to its typology (FPI, EX, CA, ED)). This addition of attributes is done in the model
through the properties of the instantiation of the "Safety Component" class extending the "Component”
class of Capella, as well as the instantiation of the "Classification” class (cf.Figure 82).

The latter is added to and linked to the "Component" element. In our case study, the other elements appear
with their safety functions involved in the scenario (Figure 81) but are not detailed in terms of

classifications and requirements, as the case study is about the VDA system.
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Safety Requirements Breakdown Diagram

When requirements increase, it is important to be able to trace them back to their hierarchy as well
as their sources. The issue of traceability of requirements has already been mentioned through the concept
of the "Golden Thread" in the British nuclear industry. Several diagrams could be used to illustrate this part
of the case study since each requirement can be selected to automatically generate its SRBS (Safety
Requirements Breakdown Structure). The Figure 84 illustrates the traceability diagram generated from an

EX-level requirement, "Maintain sufficient Reactor Coolant System water inventory for core cooling".

EX Gl
Maintain CA: Robustness
sufficient against SFC
Reactor < (Single Failure
Coolant Syste... Criterion -

T\ Redundancy)

CA : Qualification
< for accident
‘& FRI: Heat conditions
" Removal (H)

4 CA: Robustness
against earthquake

CA: Robustness
against LOOP

CA : Physical
¢ separation

Figure 84 Safety Requirements Breakdown from FPI of Heat Removal Type to the level of CA requirements
Safety Requirements Traceability Diagram

The traceability of requirements is also necessary with respect to their sources. In our metamodel, we

consider two types of sources:
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o The safety requirement is defined following a scenario analysis, in this case the source will
be the scenario in question.
o Arisk analysis is carried out by safety engineers and generates requirements. The source is
then the relevant analysis of the risk typology considered.
In the same way as the SRBS diagram, the traceability diagram is generated automatically from the
attributes of the requirements (cf. Figure 85)
In our case study, the traceability of the requirements related to the circulation of the cooling fluid is linked

to the scenario considered in our study through the concept of risk.

Induced By Risks: @ [en

2[4 steam Generator Tube Rupture (5GTR) (One Tube) (State A)

EX: H1 - Maintain
sufficient Reactor Coolant
System water inventary for
core cealing

< Risk

—=

Scénarios : Steam Generator
4 Tube Rupture (SGTR) [One
Tube) {State 4]

Figure 85 Diagrams and properties related to traceability to the source of safety requirements

Safety Requirements & Component Diagram with classes and requirements tables and extension
of component properties

The possibility of isolating components and their safety requirements in specific diagrams is made possible

through an automatic creation of the latter. We illustrate this here through a Components-Safety
Requirements diagram for the case of the VDA system (cf Figure 86.).
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It is also possible to generate summary tables from the attributes filled in during modelling (cf. .Jwhich
inform about:
- The components and their related requirements with a columnar separation of the safety
requirement typologies.

- The components and their safety classes.

These tables can also be used to fill in these same attributes in a way that is more convenient for engineers

than the graphical view provided by diagrams.
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Figure 87 Tables summarising safety classes and requirements
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6.1.2 XSMR Pump

6.1.2.1.Introduction to the system

This safety case study focuses on the fuel pump (equivalent to the GMPP of a PWR) of the coolant on an
XSMR (Extra Small Modular Reactor) [109].
Safety requirements have been specified for the pump components consisting of:

- Pump packing.

- Pump body.

- Pump shaft.

- Wheel

- Engine.

- Fixings.

- I&C aspects.

- Overspeed limiter.

These requirements (cf.Table 11) are not exhaustive and are intended to illustrate the elements of the
diagrams. The case study on the pump of an XSMR will allow us to put an important element of the method
at the heart of this thesis: the link between the design and the safety demonstration which is particularly
complicated to follow in projects. The latter requires a good number of iterations and generates a good
number of documents, exchanges, and meetings. These models provide a visual dimension that facilitates
this work at the centre of an extensive collaboration between the design engineers and those responsible

for ensuring the safety demonstration of the installation.
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Table 11 Safety requirements of the XSMR fuel pump

. . . Expected Requirements
Interest protection function Requirement Subsystems characteristics defined

Protection of the Do not release gaseous Sealing of the Overall helium

environment and workers radioelements Seal + pump body component leakage rate less than
6.69.10-9 Pa.m3/s

Protection of the . Do not re.l ease Sealing of the Overall helium

. radioelements in the form Seals + pump body leakage rate less than
environment and workers component

of particles

6.69.10-9 Pa.m3/s

Protection of the
environment and workers

Limit the activation of the
pump body

Pump body

Use of low activation
materials

Contact dose rate < 2
mSv/h after 2 years
cooling

Protection of the
environment and workers

Limiting worker exposure
during maintenance

Seals + pump
mounting + motor +

Non-replacement of
gaskets

Operating life at
250°C of seals > 10

operations shaft years
Protection of the Do not release Seal + pump body Maintaining structural Design for the
environment and workers radioelements integrity under reference earthquake
(gaseous/particulate) earthquakes
Protection of the Do not release Seal + pump body Maintaining integrity in Pump operating
environment and workers radioelements the event of fire temperature VS fire
(gaseous/particulate) temperature (see fire
curve or simulation)
Protection of the Do not release Seal + pump body Maintaining integrity in ~ Not more than X MJ of

environment and workers

radioelements
(gaseous/particulate)

the event of fire

heat load in the room
or Sprinkler on fire
detection in the pump
room

Evacuate residual power

Ensuring the circulation
of salt in normal
operation

Pump motor +
impeller + shaft

Mass flow rate
sufficient to cool the
core during operation

Mass flow rate > 100
kg/s at 750 °C reactor
in operation

Evacuate residual power

Ensuring the circulation
of salt at standstill

Impeller + shaft

Mass flow rate
sufficient to cool the
core at standstill

10 kg/s < Mass flow
rate <50 kg/sat 750
°C reactor in
operation

Residual power removal

Ensuring refrigerant
circulation

[&C System

Detection of reduced
flow

Emergency stop on
loss of flow detection

Residual power removal

Ensuring refrigerant
circulation

Al SS

Functional maintenance
of the pump

Design for the
reference earthquake

Residual power removal

Ensuring refrigerant
circulation

Functional assembly of
the pump

Functional pump in
case of fire

Pump operating
temperature VS fire
temperature (see fire
curve or simulation)

Residual power removal

Ensuring refrigerant
circulation

Functional assembly of
the pump

Functional pump in
case of fire

Not more than X MJ of
heat load in the room
or Sprinkler on fire
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detection in the pump
room

Mechanical
overspeed detection
if mass flow > 150
kg/s at 750°C

Presence of a
mechanical overspeed
device

Preventing an increase in Overspeed governor,

Controlling responsiveness Lo,
g resp the reactivity of the heart shaft

These are the elements that have been used to model the following different diagrams (in green and red in

the Figure 88).
s ™
Scenario view (OGS D\agrams) Gvents D\agrams) @enarios diagra@
\. J
unctional Architecture
Diagrams Safety Classification Table
Safety specification view Logical Architecture Safety Requirements Safety Requirements Safety Requirements &
Diagrams Breakdown Diagrams Traceability Diagrams Component Diagrams
; P, Safety requirements &
Phys\cql Architecture Components Table
\ Diagrams /
Safeliy.dewuns.tratlon EAE B CAE & Safety
specification view equirements Table

Figure 88 Diagrams and tables of the XSMR fuel pump case study
In the following sections, we will not go into detail about the diagrams already introduced in the first case
study (VDA system for EPR).
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Physical Architecture Diagram

A simplified representation of the pump (without entering mechanical, 1&C etc. details) in the physical

architecture diagram allows us to allocate our safety requirements. In term of requirements:

- FPlareinred;
- EXarein blue.
- CAarein orange.

- EDarein yellow.
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Figure 89 XSMR fuel pump physical architecture diagram with safety requirement allocation
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Safety Requirements Breakdown Diagram / Safety Requirements Traceability Diagram

As explained for the case of the VDA system, we can generate the SRBS and traceability diagrams to the

sources of the requirements (cf. Figure 90). In the case of the traceability diagram, our requirement sources

are scenarios or agressions related to internal risks as well as agressions related to external risks.

ED : Débit de dose au contact < 2
< mSv/h aprés 2 ans de
refroidissement

CA: Utilisation de matériaux a faible
< activation et épaisseur suffisante du
corps de la pompe

EX: Limiter I'activation du corps de
pompe

& FPI : Protection environnement et
travailleurs

4+

¢

ED : Température de fonctionnement

de la pompe en rapport a la tempéra...

CA: Pompe fonctionnelle en cas
d'incendie

.. EX: Garantir Ia circulation du
" réfrigérant

< Risk : Externe

P

<+ Agression : Séisme

4}

Risk : Interne

4+

Scénarios : Perte de débit primaire
suite 3 défaillance mécanique ou éle...

Figure 90 SRBS and traceability diagram to requirements sources

<> Agression ! Incendie
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Safety Requirements and Requirements Table

For this case study we have not considered the safety classes, we can however generate the safety
requirements allocation tables on the different components of the fuel pump (cf. Figure 91) with the
possibility of adding, deleting, and modifying these requirements directly from the table.

ED Ca EX
4 Garnitures [Taux de fute au test Tétanchité & hélum globale inférieur & 6,69 10-9 Pa.mMs, Durée de vie en fonctonnement 8 250 * [Etanchété du composant , Non-remplacement des gambures, Mantien intégrté structurelle sous séisme, Mantien fonctonnel de [Ne pas relacher de radioéiéments sous forme de
D R (Pove: 00 Solo 00 0002 €UAchoNS & Thilem globels Rufirionr & 6,00.10-9 Po.uke, DIM 0. 0000 ou Coiict < 2 B 4pr: [EMACKEAS 6 CONPIsONE , Vinotion do Suthiviousc & 1o Sctivating ot dpsioster ouffiaants dv.0OMpS 00 5 pompe, Makion 150 146 ot relacher 00 raciudiiments sows forme de
’\ 4 Asbre [Durée de vie en fonctonnement & 250 'C des garnbures > 10 ans . Débk massique > 100 kp/s & 750 °C réacteur en fonct [Non-remplacement des garniures, DAbE massique suffisant pour refroidr le cceur en fonctionnement, Débe massique suffisant [Limier fexpostion des travalleurs pendant les of
T4 Fxations I Durée Ge vie an foncionnement § 250 'C Ges garmbures > 10 ans . Dmensionnement au sémme Ge réfarence. Dmenson (Non-remplacement des gamtures, Lianten fonctonnel de I8 pompe. Mantien ntégré siructurele sous semme, Utksaton de ma (Lender expostion Ges ravaleurs pendant ies of
4 Rouve 11 [Débe massique > 100 kg/s & 750 *C réacteur en fonctionnement, 10 kp's « Débt massique < 50 kg/s & 750 *C réactewr en [Débt massique suffisant pour refroidr le cosur en fonctionnement, DEbE massique suffisant pour refrodr le coswr & farrét . Mai [Garantr la circulstion du sel en fonctionnement n
< Moteur 11 [Durée de vie en fonctonnement & 250 *C Ges gamtures > 10 ans , Débt massique > 100 kg/s @ 750 °C réacteur en fonct [Non-remplacement des garmtures, Débt massique suffisant pour refroidr le Cosur en Manten o [Limter Ges travadeurs pendant les of
4 Limiteur de survifédsse [Détection mécanique des surviesses si débt massive > 150 ky/s & 750 °C) [Présence dun dspost! mécanique contre les surviesses | [Prévens une sugmentation de la réactivité du coe
4 1&C LU} [Détecton damnuton du débe] {Garantr s crculston du réfrigérant |

Figure 91 Allocation table for safety requirements on components

Safety CAE diagrams + tables

Finally, the safety demonstration specification diagram details the demonstration (introduced in
section 5.1.5.15.1.5). In the Figure 92 and Figure 93 the safety demonstration specification diagrams are
shown for two FPIs. The top claims are then FPIs. These requirements are transformed into a claim by
changing the text into a statement. For the FPI "Evacuate residual power" the Claim is then: "Residual
power is evacuated". This claim must now be demonstrated. The decomposition into sub-claims leads to
further requirements being demonstrated as the demonstration proceeds.
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Figure 92 CAE specification for safety demonstration of the FPI for environmental and worker protection
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Figure 93 CAE specification for safety demonstration of Residual power removal FPI
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In the matrix below (Figure 94), the allocation of the requirements to their respective claims is shown. This
makes it possible to check whether all the safety requirements are at least present in a demonstration

diagram. If this is not the case, the safety requirements are not demonstrated.

% Ne pas relacher de radioéléments sous forme gazeux
% Me pas relacher de radioéléments sous forme de particules

4 Tau de fuite au test d'étanchéité 3 'hélium globale inférieur 3 6,69.10-0 Pa.m3/s

% Limiter I'activation du corps de pompe

<4 Utilisation de matériaux & faible activation et épaisseur suffisante du corps de la pompe
<4 Débit de dose au contact < 2 mSv/h aprés 2 ans de refroidissement

% Limiter I'exposition des travailleurs pendant les opérations de maintenance

4 Mon-remplacement des garnitures

4 Durée de vie en fonctionnement & 250 °C des gamitures > 10 ans

< Garantir la circulation du sel en fonctionnement normal

< Garantir la circulation du sel & I'arrét

4 Débit massique suffisant pour refroidir le cosur en fonctionnement

4 Débit massique suffisant pour refroidir le cosur & I'arrét

4 10ka/s < Débit massique < 50 kg/s 3 750 °C réacteur en fonctionnement

<4 Débit massique > 100 kg/s 4 750 °C réacteur en fonctionnement

% Prévenir une augmentation de la réactivité du coeur

4 Présence d'un dispositif mécanique contre les survitesses

4 Détection mécanique des survitesses si débit massive > 150 kg/s 3 750 *C

% Garantir la circulation du réfrigérant

4 Détection diminution du débit

4 Anét d'urgence sur détection de perte de débit

4 Maintien intégrité structurelle sous séisme

4 Dimensionnement au séisme de référence

4 Mainticn fonctionnel de la pompe

<4 Dimensionnement au séisme de référence

4 Pompe fonctionnelle en cas d'incendie

4 Température de fonctionnement de s pompe en rapport 3 la température de lincendie
4 Maintien de l'intégrité en cas d'incendie

4 Température maintenant l'intégrité de I pompe en rapport 4 la température de l'incendie

4

Lenvr...

%

Pasd..

%

[

4

L'inté...

4 Linté.

%

Lema..

%

Lema...

4

X

Figure 94 Matrix linking safety requirements to demonstration claims

La temperature de maintien de la pompe est bisn comprise dans les
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6.2 Discussion and limits

We started by setting the context of our study, introducing the issues of nuclear safety, the general
concepts as well as the elements that seem to be an issue in this domain. In a second step, the problematic
was formalised through several barriers. We then reviewed the state of the art in the treatment of these
problems by experts in the field. Finally, we presented our work through our various contributions as well
as an illustration of the latter on two case studies. In this part, we wish to make the link between our
contributions and how they contribute to the lifting of these barriers. Also, we would like to come back to
the use-cases and the context of the latter. Finally, we will analyse the limits of our study to begin to draw

up the elements of research that should follow our work.
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6.2.1 Review of the response to the barriers through our contributions

6.2.1.1. Conceptual barriers

Table 12 Conceptual element barriers

Type of barrier N° Barrier

1  Lack of agreement on common terminology in

relation to the demonstration of nuclear safety

2 Definition of elements strongly present in safety such
Conceptual as: Requirements, Safety argumentation (CAE
framework [34]

3 How to link the nuclear safety demonstration to the

design of the installation?

As mentioned in our summary of the state of the art on the group of conceptual barriers, previous
work has provided definitional elements that clarify the subject but very rarely take the form of a detailed
metamodel. However, this has been done for the 1&C modelling approaches. Through our approach we have
tried to consider the field of nuclear safety as a whole. Although there are divergent views on the names of
these concepts, this meta-model and its implementation in a tool will allow to refocus the discussion and
even to adapt the terms defining such or such concept for a given context. For example, the work of
qualifying the typology of safety requirements will be found for each project but sometimes under different
terms depending on the operator and his terminology. Therefore, we proposed to link the design of the
installation, for which the requirements are one of the fundamental elements, with the safety
demonstration, for which the "claims" are the fundamental elements. The matrices for allocating
requirements to claims represent the Kkeystone between the design of the installation and its
demonstration. Together with the related diagrams (CAE diagram), they provide a common ground for
exchange between the engineers in charge of the architecture and the engineers in charge of the safety
demonstration to the authorities.
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6.2.1.2. Methodological challenges

Table 13 Methodological barriers

Type of barrier  N° Barrier

How to facilitate communication between teams?

5 How to facilitate collaboration between different

domains?

How to conduct the safety demonstration?

How to integrate nuclear safety into MBSE models as

Methodological a viewpoint?

How to have a traceability of safety requirements?

9  Lack of clear vision in the standards of the
methodology to adopt.

10  Scattered information, fragmented documentation.

11 How Al can help on nuclear safety demonstration?

As far as methodological issues are concerned, we have been able to provide a method through the
development of different languages instantiated into diagrams and matrices which are mapping a certain
subset of our metamodel. These diagrams are themselves part of a more general method that maps the
processes that the safety engineer must follow to the diagrams to be used. We hope to refine this method
with its extensive use in projects involving nuclear safety. This is where some of the interest of the MBSE
approach lies, our diagrams allow the integration of the nuclear safety domain through a visual
collaboration of their contributions to the project. These diagrams can then be used to extract certain
attributes and represent other elements of interest such as the traceability of requirements to their sources
or to the requirements from which they derive. The integration of artificial intelligence into this method
allows us to put in its place a powerful technology that is too often misjudged in terms of the contributions
it can make. The failures of artificial intelligence projects (about one in 10 data science projects will not go
into production [110]) are partly due to a poor understanding of the domain issues. Elegant integration of
Al into MBSE is about understanding the functions of each of these domains, the type of Al, the purpose. We
have tried to identify elements of the nuclear safety demonstration that can benefit from the contribution of
Al algorithms. Initially, these algorithms are mainly from the NLP domain but, as mentioned in our state of
the art, the safety demonstration can benefit from algorithms processing all types of data (images, videos,
graphs, texts, etc.). However, it is necessary to have the right concepts, the right languages, the right

methodologies, and the right interoperability.
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6.2.1.3. Technical barriers

Table 14 Technical barriers

Type of barrier  N° Barrier

12 How can the tools/techniques enable the lifting of

these barriers?

13 What tools can be used to integrate the approach to
. both the safety demonstration and the design in
Technical ] )
order to have an integrated approach to safety in the

project.

14  What type of Al is to be considered for nuclear safety

tasks?

The conceptual and methodological approach seems satisfactory to be developed further. However, it
seemed important to us in the context of an industrial thesis to bring a reflection around the tools and their
interoperability. It seems judicious, when bringing concepts and modelling from a new domain (here
nuclear safety), to prefer to extend existing approaches rather than start from scratch. In the context of the
development of the methods resulting from this thesis, the work cited around MBSA in our state of the art
[45] seemed relevant to us. As has been pointed out, it is useful to avoid the multiplication of software,
languages, etc. which will not be maintained and for which documentation will be scarce. Open source
standards, as part of the work to improve approaches in the field, facilitate collaboration between different
stakeholders who wish to make contributions These may be from different institutions (safety authorities,
operators, service providers, expert support etc.). Where possible, it may be interesting to open these
modelling software packages to programming languages in order to interoperate with approaches from
other domains. For the integration of artificial intelligence algorithms in the Capella software, the gateway
offered by "Python4Capella" has been very useful. The Python language and its libraries have
documentation and a user community to facilitate development work. We have seen at some of the
gatherings on the use of artificial intelligence in certain areas (health, agriculture etc.) that specific libraries

and metamodels have been developed for a while now.

6.2.1.4. Organisational and human barriers

Table 15 Organisational and human barriers

Type of barrier N° Barrier

15 Document-oriented work

Human and 16 Volume of data considered.

Organisational 17 Lack of staff with multi-disciplinary experience and a

global vision
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18

Financial: lack of money to make the budgetary drift

of projects acceptable.

19

Psychological: difficulty of cognition of complexity in

a "document-oriented"” project context.

20

Usage: reductionism in engineering which prevents
the adoption of the understanding postures of other
disciplines and which is not facilitated by the

document-oriented approach.

21

Ethics: nuclear demonstration often leads to mistrust
by default because of past accident records, leading

to increased rigour in this field.

In the context of organisational and human barriers, our work offers a possibility for a solution.

Indeed, the use of MBSE approaches and the mix of data-centred and model-based approaches can allow to

move away from document-oriented project management. Their use provides answers to the question of

how to deal with large volumes of data, the difficulty of cognition of complexity and the budgetary overruns

that these difficulties can bring. However, it is necessary for industrialists to take up these approaches and

transform these potentialities into reality. Implementation will in turn bring other issues that need to be

addressed for the nuclear industry to mature on model/data centric approaches.

169



6.2.2 Review of the use cases

For the first case, the atmospheric discharge valve (VDA) of the secondary circuit, the elements on
which we have relied are data from the public safety report of the English EPR. The architecture, the choice
of events and the scenarios are already well advanced, and modelling is therefore an important support to
the studies carried out by the engineers. However, for this type of case, specific case developments for this
type of study can be important to adapt our approach and make it optimal for this type of project. Also, it
was quite difficult to link the safety demonstration elements with the design elements. The Preliminary
Safety Report alone is about 8500 pages long and does not constitute all the elements of the safety
demonstration. Indeed, this document summarises the general elements of the installation but refers to
many other various documents (studies, plans, etc.). This led us to put forward scenario analysis and safety
specification diagrams for this case study and leave the safety demonstration specification diagrams. (cf.
6.1.1 and Figure 95).

-
Scenario view OGS Diagrams Events Diagrams Scenarios diagrams

Diagrams Safety Classification Table
Safety specification view Logical Architecture Safety Requirements Safety Requirements Safety Requirements &
P Diagrams Breakdown Diagrams Traceability Diagrams

Component Diagrams

Physical Architecture Safety requirements &
N Components Table
k Diagrams

Safet.y. der.nons.tratlon CAE Diagrams CAE & Safety
specification view equirements Table,

-

Figure 95 Diagrams/Tables for VDA case

In the case of the XSMR pumps, the innovative nature of this new type of reactor and the search for
a solution made it much easier to compare it with the MBSE processes. Indeed, we have in general the
safety aspects to ensure. The research and analysis approach and the collaborative aspects take on their full
meaning in a search for the optimal solution. The link with the safety demonstration was also easier, the
installation being less formalised than for the EPR (cf. 6.1.16.1.2 and Figure 96).
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Figure 96 Diagrams/Tables for XSMR case

6.2.3 Limits

Beyond the scope considered in our hypotheses for our study (deterministic studies in the context of
the installation design basis), our work is intended to be a first step in a series of applied research studies.

Indeed, among the elements mentioned above, the following were mentioned

- The semantic variability of concepts.
- The completeness of the latter.
- Differences in methodology between projects depending on the type of installation, the country, the

methods developed by the operator etc.

We find in the heart of the method the adaptability to these differences, but it would be pretentious to think
that a context-specific variation of the work wouldn’t necessary. These points are important to understand the
logic to adopt for the integration of this thesis work into the existing methods. A real change management and an
adaptation of the method in return are necessary to convince of the interest of the approach. Some diagrams may
be less used than others depending on the operator and the project. Some diagrams may need to be modified.
Mastery of the development tools is essential, and the flexibility offered by Capella and its development
environment (Capella studio) is a real advantage in these aspects.

The case studies also have their limitations. They were mainly intended to demonstrate the feasibility of the
method. They should be followed by application cases aimed at providing real safety studies, thus requiring
operating data in project contexts. The follow-up of usage during the project can improve and refine the method
through several iterations between the nuclear safety domain, the project teams and the method development
teams. It may also help to confirm or refute some of the assumptions of this work. It is important to understand
that the methodological proposal to consistently integrate nuclear safety into MBSE practices is a multi-
dimensional process. It involves many stakeholders, and nuclear safety is composed of several sub-fields of
expertise. It is important to be aware of this point and to consider this work as the basis for future development in

171



coherence with all these disciplines and the specific fields of MBSE and Al. In the conclusion of this manuscript,
we will discuss the perspectives of future work which we consider interesting for the validation and improvement

of existing work.
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7 General Conclusion

In the context of this work, we have developed a method to integrate the nuclear safety domain into
an MBSE approach and Al-related contributions. This method describes the concepts of nuclear safety, their
attributes, and the links between these concepts through a metamodel. Languages are used to manipulate
these concepts. Concrete syntaxes have been developed to model diagrams and tables of interest in the
framework of 3 important views for the nuclear safety engineer:

e The scenario view.

o The safety specification view.

e The safety demonstration. specification view.

Also, this method includes processes in the form of BPMNs which formalises the operational approach. It
also indicates the concrete syntaxes to be used according to the progress in the operating procedure. The
method and Al contributions has been developed in an add-on for a software already used in the
engineering projects concerned. Interoperability has been implemented with APIs of Al algorithms for
extraction and various methods of searching for applicable requirements. Consideration was given to the
possible use of the REK (Repository of Expertise and Knowledge).

In the following figures (Figure 97, Erreur ! Source du renvoi introuvable., Erreur ! Source du renvoi
introuvable.), the general expectation of the barriers has been shared between our three pillars and their
objectives which cover the purpose of this thesis fairly well. We show our contributions as well as their

Pillar 1 :
Processing of safety standards.

( Objective Contributions ‘ ‘ Strong point ‘ ‘ Weaknesses
f 1.1: Creati f d for feedback thhl\
.1: Creation of a eed for feedback on the help
To be able to make requirements corpus (1141) A:e':_lo;:;eﬁ Tz?n::atfﬂi:rge and time saving of such
better use of on IAEA documents and laorith g technique by safety
ini f the BERT model algorithms. engineers.
heterogeneous, \"a'"”‘g @ )
numerous data that are
difficult to master by an /" 1.2:Creation ofa Integration of possible re- )
isolated human actor. requirements corpus (1548) . - X training on corpus of data
and metadata on RCC and Algarr';:mt'sri::';g::eht good depending on the issuer of
training of the camemBERT ) the documentation
\_ model considered. Y,
Techniques adapted to
requirements engineering
and high volume data
processing.

- J/

Figure 97 Pilar 1 contribution, strong point, and weaknesses

strengths and weaknesses.
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Pillar 2 :
Requirements engineering and MBSE.

Objective

Contributions

Strong point

Weaknesses

Integrate the
demonstration of safety as
early
and as closely as possible
in the System Engineering
processes and in a
model-based engineering
approach such as MBSE

/

-

(&

|
Ve
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)
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J
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\

2.3 : Operational approach

~/
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N J

benefit from REX of use b
engineers.

Visual diagrams and tables
facilitate the collaboration of
the various project
disciplines,

J

/- )
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y
\

(

Need to quantify and analyse
the real gains of an approach

like this.
\_ J

Process linking the
engineering steps with the
elements of the method to be

\ used. )

s ™

Need for a paradigm shift in

the conduct of nuclear

projects.

7

Figure 98 Pilar 2 contribution, strong point, and weaknesses

Pillar 3 :
Tool Ecosystem
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To have support tools
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and safety

(

\.
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P

between software and Al
algorithms and creation of
integration scripts with

Qquirement retrievy

ythondCapella for
nteroperability via API

several types of

( )
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engineers.
\ J

used by the users. A closed
tool can make the
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The integration of Al
algorithms directly into the
modelling interface makes

the work easier. )

(
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.

The mastery of these \
developments will facilitate
he evolution of the method in
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engineers using them. )

[Need to increase skills anm
change management
(possibly linked to HMI) to
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S

practices. &

Figure 99 Pilar 3 contribution, strong point, and weaknesses



This work opens the way to other areas of reflection on the subjects covered. The continuity of this

work is quite broad, and the following subjects seem relevant and worth exploring:

e Interoperability of organisations, processes, domain specific actors and support tools to further
facilitate the preparation (engineering of the safety demonstration) and then the execution of the
safety demonstration;

e How to integrate the close link between safety demonstration and installation commissioning,
which take place in parallel from the start of engineering and should coexist more closely?;

e Integration of the safety demonstration in the SE processes which do talk about safety
requirements but remain rather simplistic or at least too generic to really take this demonstration
into account. A possible influence on standard could be imagined;

o Consider early V&V (Verification and Validation) aspects to check and validate the quality
of the proposed demonstrations (by simulation, by formal model analysis, and
demonstration simulation). This could be done by proposing an approach of simulation of
compliance with requirements? It is then important to consider the work on MBSA [45] to
identify the type of safety analysis performed and whether they are directly demonstrable
from the models;

e Deployment of such a global method of preparation and follow-up of a safety demonstration in a
company or even in an extended enterprise. Indeed, all these activities cannot, and should not, be
carried out by a single company for several reasons.

Among the shorter-term elements related to the method, further reflection on the integration of the ISO
15026 [50] standard in the diagrams related to the safety demonstration could facilitate the modelling of
this demonstration. In addition, a more complex approach to the scenarios by adapting them to the specific
cases encountered in incidental /accidental conduct in the nuclear industry could provide significant added
value for the understanding of the role of the components in these scenarios. This could provide a link to
probabilistic safety studies which were not the focus of this thesis.

Finally, we hope that our work has contributed to the reflections on the possible and enlightened
hybridization of artificial intelligence with MBSE approaches in an Industry 4.0 logic. These approaches
have their own domain and scope of application. It seems important to reflect on the contributions that
each approach can make rather than having them in competition, as is sometimes seen. Wise approaches in
Al aim to link the symbolic approach with the connectionist approach (cf. [66]) It seems to us that models
from MBSE constitute in some way this symbolic approach. The metamodel and the resulting models have
an organisation that can be used in symbiosis with connectionist Al (learning algorithms). They can also be
used in engineering processes and thus benefit from a domain ontology refined by its use by engineers.
This vast field is fascinating, and the entire nuclear industry could benefit from the results of such research.
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9 Annex

9.1 Summary of the Metamodel

All concepts from the metamodel are synthetized in net table.

Retained Safety
Demonstration Concept

Definition

Aggression

External aggression: General definition of an external aggression
Phenomenon or event that may have adverse consequences for the operation
or functioning of an installation and whose cause is external to the installation
Objectives of the protection approach against external aggression: Following
an external aggression, the fundamental objectives are to: To preserve the
integrity of the main primary circuit To stop the reactor and evacuate the
residual power To limit the possible release of radioactive substances to an
acceptable value Protection approach against external hazards: Protection
against hazards at the design stage and during the operation of the
installations Choice of the site Characterisation of the hazard or risk:
intensity/frequency or probability Identification of the structures and
equipment to be protected Definition of the protection provisions:
constructional, warning system, operation... Definition of the requirements
associated with the protection provisions (classification, electrical emergency,
periodic monitoring, etc.) Review (evolving hazards/evolution of knowledge,

feedback, sufficiency of protection provisions over time) Internal aggressions

Argument

Arguments, which link the evidence to the claim. These are the
“statements indicating the general ways of arguing being applied in a particular
case and implicitly relied on and whose trustworthiness is well established”
[28], together with the validation for the scientific and engineering laws used.

In an engineering context, arguments should be explicit.

BehaviorModellingDSML

DSML to model scenarios for safety specification.

CA

Defined Quality (DQ) (here considered as an expected characteristic)
Definition: all the functional performances of the Item Important for Protection
as well as the operating and environmental conditions in which these
performances must be ensured Objective: to ensure the good behaviour
(integrity or functional capacity) of the PIEs with respect to the actions to
which they may be subjected or which they must ensure Example: PIE: Control

of the containment of radioactive substances PIE: Nuclear ventilation

Depression level Renewal rate PIE: Filtration device Filtration efficiency
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The key elements of the CAE approach are: — Claims, which are assertions
put forward for general acceptance. These are typically statements about a
property of the system or some subsystem. Claims that are asserted as true
without justification become assumptions and claims supporting an argument
are called subclaims. — Arguments, which link the evidence to the claim. These

are the “statements indicating the general ways of arguing being applied in a
CAEFrameworkModellingDS

ML

particular case and implicitly relied on and whose trustworthiness is well
established”, together with the validation for the scientific and engineering
laws used. In an engineering context, arguments should be explicit. —
Evidence, which is used as the basis of the justification of the claim. Sources of
evidence may include the design, the development process, prior field
experience, testing (including statistical testing), source code analysis or formal

analysis.

Characteristic A distinctive attribute or aspect of something.

Assertions put forward for general acceptance. These are typically
Cla statements about a property of the system or some subsystem. Claims that are
aim
asserted as true without justification become assumptions and claims

supporting an argument are called subclaims.

This block is used to claim that the value of a property of a system can be
computed from the values of related properties of other objects (e.g. its
ClaimCalculation subsystems). One application of the block is to provide a quantitative
argument when the value of one property can be calculated from the values of

other specific properties.

This block is used when a claim needs to be given a more precise definition
ClaimConcretion or interpretation. This is often the case of top-level claims, which generally

need to be expressed in more measurable, less abstract, terms.

This block is concerned with structure. Many claim decompositions are
. . about partitioning some aspect of the claim, for example, according to the
ClaimDecomposition ) ) ] ) i
functions of the system, the architecture, the properties being considered or

with respect to some sequence such as life cycle phases or modes of operation.

This block is used at the edge of the CAE structure to incorporate evidence
ClaimEvidencelncorporation | into the assessment. It is used to demonstrate that a subclaim is directly

satisfied by its supporting evidence.

Another common type of claim expansion involves transforming a claim
ClaimSubstitution about an object (or property) into a claim about an equivalent object (or

property), which can be viewed as a form of substitution.

ClassificationDependFromFP Depending on the FPI considered, different classifications will be given to

| the components.
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Component

A sub-element of the installation performing functions allocated to it.

Connexionlnteraction

Abstract Class: to model links, flows and other interaction between other

objects (components, functions, FPI, ...)

Data

Collection of discrete values that convey information, describing quantity,
quality, fact, statistics, other basic units of meaning, or simply sequences of

symbols that may be further interpreted.

DataStructureModelingDSM
L

DSML dealing with the data structure.

DecomposableConnectableE

lement

Element which can be decomposed and connected.

DecomposableElement

Abstract Class; Element that can be decomposed.

Document

a piece of written, printed, or electronic matter that provides information

or evidence or that serves as an official record.

ED

ED: requirements assigned to a IIP (ltem Important for Protection) or AIP
(Activity Important for Protection) to meet its objectives as described in the
demonstrative part of the safety report or other binding document.  Article
251: The requirements necessary to achieve and maintain the quality of IIPs
shall be identified. They shall be proportionate to the issues at stake in order to
guarantee for each element the functions assigned to it. These requirements
are referred to as "defined requirements" in this order.  [The defined
requirements are adapted according to the importance for the safety of the IIP

considered.]

EngineeringModel

Model used in engineering processes.

Event Incident/Accident occurring in the installation and triggering a scenario.
Evidence, which is used as the basis of the justification of the claim.
. Sources of evidence may include the design, the development process, prior
Evidence field experience, testing (including statistical testing), source code analysis or
formal analysis.
EX High level of safety requirements, necessary in the regulation.
Any set of items that are from energy, material or data nature. A flow is
Flow exchanged between functions....
Fundamental safety functions (see Figure 5) for the protection of people
and environment: - The control of the nuclear chain reaction, - Thermal power
- removal. - Containment of radioactive substances. - Protection of people and

the environment against ionising radiation. These functions must be ensured in
all possible states of the installation. They are also called "FPI" Interest

Protection Functions.
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Function

An action, a task, or an activity performed to achieve a desired outcome.
(Hitchins 2007)

FunctionningCondition

Demonstration of safety against internal events (1/2) :  Design Basis
Operating Conditions Identification of a limited number of representative and
enveloped events called Design Basis Operating Conditions. Internal events
divided into 4 categories of annual frequencies/reactor Category: |- Normal
conditions IlI- Moderate frequency accidents Ill- Very low frequency accidents
IV- Hypothetical accidents Annual frequency/reactor 10-2 to 1 10-4 to 10-2 10-

6 to 10-4

ICFunction Instrumentation & Control function.
Any logical or physical relation (e.g. cable, tube, wifi protocol, ...) that
Link connects logical or physical components and transfer flows from various

nature: data, material or energy

MeasurementFunction

Physical characteristics measurement function.

ModelKind_DSML

Abstract Class: to model any modelling language (i.e. model kind or DSML)
and allow to structure metamodel by sharing common relations and attributes

of such modelling languages

ModelStatement

Element which can be extracted from models and is a statement used in a

demonstration for example.

NamedElement

Abstract Class: requested to structure and organise metamodel

Qualification

Process of determining whether a system or component is suitable for

operational use.

QualificationDependFromAg

ression

Qualification of a system to resist a type of aggression.

Repository

Abstract Class: to model any kind of data repositories

Requirement

A requirement is “a statement that identifies a system, product or process
characteristic or constraint, which is unambiguous, clear, unique, consistent,
stand-alone (not grouped), and verifiable, and is deemed necessary for
stakeholder acceptability.” (INCOSE 2010)

RequirementsRepository

Repository that gathers all requirements (in our case: safety

requirements).

A multi-attribute quantity expressing hazard, danger or chance of harmful

or injurious consequences associated with exposures or potential exposures. It

Risk relates to quantities such as the probability that specific deleterious
consequences may arise and the magnitude and character of such
consequences. (IAEA)

SafetyActivity Activity aimed at ensuring nuclear safety.
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SafetyFeatureGroup

Group of Components which assures together a Safety Function (cf Safety

Function).

SafetyFunction

A specific purpose that must be accomplished for safety for a facility or
activity to prevent or to mitigate radiological consequences of normal

operation, anticipated operational occurrences and accident conditions.

SafetyGlobalObjective

Objective set for each situation in the installation not to be exceeded

(dosimetry etc.)

SafetyNamedElement

Element which is linked to safety.

SafetyReferenceKnowledgeR

epository

DSML to model scenarios with the aim of enabling safety specification.

SafetyReferenceKnowledgeR

epository

Repository storing safety references

SafetyRequirementsSpecific
ationModellingDSML

DSML for specification of nuclear safety requirements through several

diagrams (architecture diagrams etc.).

SafetyStudySystemBlock

Element of our metamodel grouping all other elements. This element

allows us to integrate our metamodel into a developed tool.

A postulated or assumed set of conditions and/or events. Most commonly
used in analysis or assessment to represent possible future conditions and/or

events to be modelled, such as possible accidents at a nuclear facility, or the

Scenario ) ) ) . ) ) )
possible future evolution of a disposal facility and its surroundings. A scenario
may represent the conditions at a single point in time or a single event, or a
time history of conditions and/or events (including processes).
SideClaim Claims which are supposed to validate the arguments used.
o Circonstances dans lesquelles se trouvent I'installation (normal, incidentel,
Situation

accidentel).

Stakeholder

Individual or organization having a right, share, claim, or interest in a
system or in its possession of characteristics that meet their needs and
expectations (ISO/IEC/IEEE 2015)
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Function

An action, a task, or an activity performed to achieve a desired
outcome (Hitchins 2007)

Aggression

External aggression :

- Definition general definition of an external aggression :
Phenomenon or event likely to have consequences harmful
to the functioning or operation of an installation and
whose cause is external to the installation.

- Objectives of the approach to protection against external
hazards: Maintain the integrity of the main primary circuit,
Shut down the reactor and evacuate the residual power
Limit the possible release of radioactive substances to an
acceptable value.

Protection approach with regard to external hazards: Protection
against hazards at the design stage and during the operation of the
installations, Choice of site, Characterisation of the al éa or risk:
intensity/ frequency or probability, Identification of the structures
and equipment to be protected , Definition of the protection
provisions: construction, warning system, operation... Definition of
the requirements associated with the protection provisions
(classification, backup electrical, periodic monitoring, etc.) Re-
examination ( changing hazards / evolution of knowledge, REX,

sufficient protection provisions over time

SafetyFeatureGroup

Group of Components which together ensure a Safety Function
(see Safety Function).

CA

Defined Quality (DQ) (here considered as an expected
characteristic) Definition: all the functional performances of the Item
Important for Protection as well as the operating and environmental
conditions in which these performances must be ensured Objective:
to ensure the good behaviour (integrity or functional capacity) of the
IIPs with respect to the actions to which they may be subjected or
which they must ensure

Component

A sub-element of the installation performing functions allocated
to it.

Situation

Circumstances in which the facility is operating (normal,
incidental, accidental).

SafetyFunction

A specific purpose that must be accomplished for safety for a
facility or activity to prevent or to mitigate radiological
consequences of normal operation, anticipated operational

occurrences and accident conditions.

RequirementsRepository

Repository that gathers all requirements (in our case: safety
requirements).

ICFunction

Instrumentation & Control function.

Event

Incident/Accident occurring in the installation and triggering a

scenario.
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SafetyGlobalObjective

Objective set for each situation in the installation not to be

exceeded (dosimetry etc.)

REIT

Fundamental safety functions for the protection of people and
environment:

- The control of the nuclear chain reaction

- Thermal power removal.

- Containment of radioactive substances.

- Protection of people and the environment against ionising
radiation.

These functions must be ensured in all possible states of the
installation. They are also called "FPI" Interest Protection Functions.

SafetyRequirementsSpecificationModellingD
SML

DSML for specification of nuclear safety requirements through
several diagrams (architecture diagrams etc.).

MeasurementFunction

Physical characteristics measurement function.

ClassificationDependFromFPI

Depending on the FPI considered, different classifications will
be given to the components.

Scenario

A postulated or assumed set of conditions and/or events. Most
commonly used in analysis or assessment to represent possible
future conditions and/or events to be modelled, such as possible
accidents at a nuclear facility, or the possible future evolution of a
disposal facility and its surroundings.

A scenario may represent the conditions at a single point in time
or a single event, or a time history of conditions and/or events

(including processes).

QualificationDependFromAgression

Qualification of a system to resist a type of aggression.

FunctioningCondition

Demonstration of safety against internal events (1/2)
Design Basis Operating Conditions Identification of a limited
number of representative and enveloped events called Design Basis
Operating Conditions. Internal events divided into 4 categories of
annual frequencies/reactor Category: I- Normal conditions II-
Moderate frequency accidents Ill- Very low frequency accidents V-
Hypothetical accidents Annual frequency/reactor 10-2 to 1 10-4 to
10-2 10-6 to 10-4

Qualification

Process of determining whether a system or component is
suitable for operational use.

Requirement

A requirement is "a statement that identifies a system, product
or process characteristic or constraint, which is unambiguous, clear,
unique, consistent, stand-alone (not grouped), and verifiable, and is
deemed necessary for stakeholder acceptability. (INCOSE 2010)

ED

ED: requirements assigned to a IIP (Item Important for
Protection) or AIP (Activity Important for Protection) to meet its
objectives as described in the demonstrative part of the safety report
or other binding document. Article 251: The requirements

necessary to achieve and maintain the quality of IIPs shall be
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identified. They shall be proportionate to the issues at stake in order
to guarantee for each element the functions assigned to it. These
requirements are referred to as "defined requirements" in this order.
[The defined requirements are adapted according to the importance
for the safety of the IIP considered].

EX High level of safety requirements, necessary in the regulation.
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ClaimSubstitution

Another common type of claim expansion involves transforming a claim
about an object (or property) into a claim about an equivalent object (or
property), which can be viewed as a form of substitution.

ModelStatement

Element which can be extracted from models and is a statement used in a

demonstration for example.

Evidence

Evidence, which is used as the basis of the justification of the claim.
Sources of evidence may include the design, the development process, prior
field experience, testing (including statistical testing), source code analysis or

formal analysis.

Component

A sub-element of the installation performing functions allocated to it.

RequirementsRepository

Repository that gathers all requirements (in our case: safety requirements).

ClaimCalculation

This block is used to claim that the value of a property of a system can be
computed from the values of related properties of other objects (e.g. its
subsystems). One application of the block is to provide a quantitative argument
when the value of one property can be calculated from the values of other

specific properties.

REIT

Fundamental safety functions (see Figure 5) for the protection of people
and environment:

- The control of the nuclear chain reaction

- Thermal power removal.

- Containment of radioactive substances.

- Protection of people and the environment against ionising radiation.

These functions must be ensured in all possible states of the installation.
They are also called "FPI" Interest Protection Functions.

SafetyActivity

Activity aimed at ensuring nuclear safety.

CAEFrameworkModellingDSML

The key elements of the CAE approach are:

- Claims, which are assertions put forward for general acceptance. These
are typically statements about a property of the system or some subsystem.
Claims that are asserted as true without justification become assumptions and
claims supporting an argument are called subclaims.

- Arguments, which link the evidence to the claim. These are the
"statements indicating the general ways of arguing being applied in a particular
case and implicitly relied on and whose trustworthiness is well established",
together with the validation for the scientific and engineering laws used. In an
engineering context, arguments should be explicit.

- Evidence, which is used as the basis of the justification of the claim.
Sources of evidence may include the design, the development process, prior
field experience, testing (including statistical testing), source code analysis or
formal analysis.

This block is used when a claim needs to be given a more precise

ClaimConcretion definition or interpretation. This is often the case of top-level claims, which
generally need to be expressed in more measurable, less abstract, terms.
. . This block is concerned with structure. Many claim decompositions are
ClaimDecomposition

about partitioning some aspect of the claim, for example, according to the
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functions of the system, the architecture, the properties being considered or

with respect to some sequence such as life cycle phases or modes of operation.

ClaimEvidenceIncorporation

This block is used at the edge of the CAE structure to incorporate
evidence into the assessment. It is used to demonstrate that a subclaim is
directly satisfied by its supporting evidence.

Claim

Assertions put forward for general acceptance. These are typically
statements about a property of the system or some subsystem. Claims that are
asserted as true without justification become assumptions and claims
supporting an argument are called subclaims.

SideClaim

Claims which are supposed to validate the arguments used.

Requirement

A requirement is "a statement that identifies a system, product or process
characteristic or constraint, which is unambiguous, clear, unique, consistent,
stand-alone (not grouped), and verifiable, and is deemed necessary for
stakeholder acceptability. (INCOSE 2010)

Argument

Arguments, which link the evidence to the claim. These are the
"statements indicating the general ways of arguing being applied in a particular
case and implicitly relied on and whose trustworthiness is well established"
[28], together with the validation for the scientific and engineering laws used.
In an engineering context, arguments should be explicit.

EngineeringModel

Model used in engineering processes.
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Function See Function
SafetyReferenceKnowledgeRepos . .
: Repository storing safety references
1tory
Link Any logical or physical relation (e.g. cable, tube, wifi protocol, ...) that
i

connects logical or physical components and transfer flows from various nature:
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data, material or energy
NamedElement Abstract Class: requested to structure and organise metamodel
ConneotionInteraction . Abstract Class: to mo.del links, flows and other interaction between other
objects (components, functions, FPI, ...)
Flow Any set of items that are from energy, material or data nature. A flow is
exchanged between functions....
SafetyStudySystemBlock See SafetyStudySystemBlock
Repository See Repository
DecomposableElement See DecomposableElement
Characteristic See Characteristic
Requirement See Requirement
Document See Document
SafetyNamedElement See SafetyNamedElement
Component See Component
Scenario See Scenario
Decomposabl::tConnectableEleme See DecomposableConnectableElement
RequirementsRepository See RequirementsRepository
EngineeringModel See EngineeringModel
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BehaviorModellingDSML See BehaviorModellingDSML
Aggression See Aggression
Component See Component
Situation See Situation
Scenario See Scenario
FunctioningCondition See FunctioningCondition
Event See Event
SafetyGlobalObjective See SafetyGlobalObjective
A multiattribute quantity expressing hazard, danger or chance of harmful or
Risk injurious consequences associated with exposures or potential exposures. It relates

to quantities such as the probability that specific deleterious consequences may arise

and the magnitude and character of such consequences. (IAEA)
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Résumeé : Démontrer la sliret¢ nucléaire est une priorité dans tous les projets de développement d’installation nucléaire. Ces projets
sont cependant de plus en plus complexes. Ils visent en effet le développement de systémes eux-mémes complexes comme une centrale
nucléaire (NPP, plus de 50 batiments, 500 km de tuyauterie, 500 000 composants et entraine la production de 100 millions de données,
rapports, schémas, etc. Ils impliquent enfin plusieurs parties prenantes (client, exploitant, acteurs métier, régulateur, usagers, public, ...) avec
des attentes (besoins opérationnels, environnementaux, sireté, sécurité, disponibilité, ...) et des contraintes variées de délais, de budget, de
qualité, de ressources ou encore de savoirs faire. Cette démonstration de streté exige donc un effort particulier, une méthode et des outils de
travail pour assurer et convaincre toutes ces parties prenantes de la tenue des attentes, en particulier en termes de sireté nucléaire.
Différentes difficultés doivent donc étre étudiées et les moyens de les maitriser doivent étre proposés dans le cadre de ces travaux :

- Absence d'accord sur une terminologie commune de la démonstration de la stireté nucléaire ;
- Définition insuffisante d'¢léments fortement présents dans la stireté (e.g. exigence, ou argument);
- Peu de liens entre la démonstration de slireté nucléaire d’une installation et I’ingénierie de celle-ci ;

- Difficultés méthodologiques diverses : communication dificile entre équipes, absence d’approches pour mener la démonstration,
absence d’une réelle tragabilité des exigences de sireté, manque de vision claire et globale des normes, informations éparses,
documentation fragmentée, pas d’approche intégrée de la sireté dans le projet, difficulté de cognition de la complexité dans un
contexte de projet " orienté documents ".

- Difficultés techniques : interopérabilité limitée des outils/techniques souvent dédiés ;

- Difficultés organisationnelles / humaines : manque de personnel ayant une expérience pluridisciplinaire et une vision globale
avec un travail privilégiant des modeles a I’instar de documents, réductionnisme de l'ingénierie qui empéche 1'adoption des
postures de compréhension des autres disciplines.

- Probleéme éthique et sociétal global : la démonstration nucléaire entraine souvent une méfiance par défaut en raison des accidents

passés.

Ces travaux combinent l'utilisation des techniques d’Intelligence Artificielle et les principes et processus de ’Ingénierie Systéme, tout
particuliérement visent a accentuer et faciliter le role de la modélisation, du partage et de ’analyse de modéles qui est promu par 1’approche
MBSE. La contribution de ces travaux est ainsi une méthode outillée permettant de soutenir toutes les parties prenantes et les ingénieurs de
siireté en charge, concernés ou impactés par les objectifs de démonstration de stireté. Des techniques d'TA sont utilisées pour aider ces
acteurs a cibler et spécifier les exigences de sireté requises. L'approche MBSE est ensuite enrichie en proposant de nouveaux paradigmes de
modélisation et en enrichissant ou promouvant de nouveaux langages de modélisation afin de compléter et vérifier étape par étape la
démonstration de streté. Une démarche opératoire a ensuite été définie et équipée par le biais de quelques extensions d'une plateforme
d'ingénierie systéme existante. Enfin, un cas de test sur un systéme de centrale nucléaire est utilisé pour démontrer la viabilité de cette
meéthode.

Abstract: Demonstrating nuclear safety is a priority in all nuclear installation development projects. However, these projects are
becoming increasingly complex. They involve the development of complex systems such as a nuclear power plant (NPP), more than 50
buildings, 500 km of piping, 500,000 components and the production of 100 million data, reports, diagrams, etc. Finally, they involve
several stakeholders (customer, operator, business actors, regulator, users, public, etc.) with different expectations (operational,
environmental, safety, security, availability, etc.) and various constraints in terms of deadlines, budget, quality, resources, or know-how.
This safety demonstration therefore requires a special effort, a method and working tools to ensure and convince all these stakeholders that
the expectations are met, particularly in terms of nuclear safety. Various difficulties must therefore be studied and the means to overcome
them must be proposed as part of this work:

- - Lack of agreement on a common terminology for the demonstration of nuclear safety.

- - Insufficient definition of elements strongly present in safety ( e.g., requirement, or argument);

- - Little linkage between the demonstration of nuclear safety of an installation and its engineering.

- - Various methodological difficulties: difficult communication between teams, lack of approaches to carry out the demonstration,
lack of real traceability of safety requirements, lack of a clear and global vision of the standards, scattered information,
fragmented documentation, no integrated approach to safety in the project, difficulty in understanding the complexity in a
"document-oriented" project context.

- - Technical difficulties: limited interoperability of often dedicated tools/techniques.

- - Organisational / human difficulties: lack of staff with multidisciplinary experience and a global vision with a work that favours
models as well as documents, engineering reductionism that prevents the adoption of the understanding postures of other
disciplines.

- - Global ethical and societal problem: nuclear demonstration often leads to mistrust by default because of past accidents.

This work combines the use of Artificial Intelligence techniques with the principles and processes of Systems Engineering, particularly
to emphasise and facilitate the role of modelling, sharing and analysis of models that is promoted by the MBSE approach. The contribution
of this work is thus a tool-based method to support all stakeholders and safety engineers in charge of, concerned with or impacted by safety
demonstration objectives. Al techniques are used to help these actors to target and specify the required safety requirements. The MBSE
approach is then enriched by proposing new modelling paradigms and enriching or promoting new modelling languages in order to complete
and verify the safety demonstration step by step. An operational approach was then defined and equipped through some extensions of an
existing system engineering platform. Finally, a test case on a nuclear power plant system is used to demonstrate the viability of this method.
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