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Al context and industrial applications

A Al field is growing at exponential rate,
A Important venture capital funding and major IT & industrial companies are fueling billions of $ in the field

A Whereas until 2014 most significant machine learning systems (ref. Stanford 2023 Al index report) were
released by academia, since 2022 industry has taken over

A How to embrace this ongoing revolution for nuclear safety critical applications ?

SNu:rl::‘ Ebn?c:,ggaas:g:r::f;:z:gltlnzgxa;;!::lne Learning Systems by Sector, 2002-22 Number of Al Publications in the World, 2010-21

Source: Center for Security and Emerging Technology, 2022 | Chart: 2023 Al Index Report
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Al Act and regulatory challenges (1/2)

Nuclear field: already strong nuclear safety regulatory rules are
needed to license safety related processes and systems

Al field: European Commission published its first proposal “Al Act” in
April 2021, official release expected at the end of 2023

0 USA and China Leading the way O]c Al-Related Bills SNumBF: of All-(;RhelgthcLIBidllsREafs‘sad Into Law in 127 Select Countries, 2016-22

0 Al Label and Certification depending on the criticality of the applications, the
sectors, and the degree of human feedback 3

30

Potential future Safety Authorities guidelines specific to nuclear field
involving Al is expected in addition to Al Act and the currently used &=
safety rules (computer code qualification processes)

N
=]

@

Safety principles will be probably mandatory for Al social and

Number of Al-Relat:

regulatory bodies acceptance, as it has been the case for nuclear o
industry, ‘
ongoing IAEA technical meetings on safety impact of Al o

EDF group Al methodology for critical applications: interpretability,
trustworthiness and robustness of Al algorithms to cope with these
upcoming requirements

37
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Al Act and regulatory challenges (2/2)

Main
publications

—— 7 pillars for Trustworthy Al

1. Human agency and oversight 2. Technical robustness and safety 3. Privacy and data governance
Al empowering human beings The reliability of the algorithms
while ensuring oversight in boundary cases, and the Compliance with regulations on
mechanisms such as humari-in- protection against malicious personal data such as the GDPR
the-loop risks

5. Diversity, non-discrimination and 6. Environmental and societal well-
4. Transparency . .
equity being
Traceability, explainability and Bias detection and mitigation to Alignment of business and
communication of all predictions avoid unfair bias and accessibility of environmental/societal interests
according to business and Al systems o all regardless of any through optimization of training and
regulatory constraints disability resources

7. Accountability

ETHICS GUIDELINES
FOR TRUSTWORTHY Al

A governance adapted to the Al functionality, integrating all stakeholders and building auditable Al systems
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Framatome Business Units Activities

Engineering & Design Authority - DTI

BU Development, design and licensing of

| ew nuclear steam supply systems (NSSS) and
associated services, including worldwide
Technical Centers, Data Science & Applied
Math pole to support all the BUs

) Projects and Components
j Manufacturing — PCM BU

mobile components for nuclear islands.
Management and execution of nuclear reactor
new build projects, and component
replacement projects.

= Instrumentation & Control — IC BU
 Design and manufacturing of automation and

\ \ i.“"- nuclear power plants.

Fuel BU
Development, design, licensing and fabrication

% of fuel assemblies and core components for
| all types of light water reactors (PWR, BWR,

VVER) as well as for research reactors.
Development of zirconium alloy components.

Installed Base BU

Products and services to maintain,
modernize and extend the service life of
facilities in operations; commission new
facilities and support to decommissioning &
dismantling activities.

PHIMECAvorkshop on AP Framatome - All rights reserved 7
| Framatome know-how / Export Control - AL: N ECCN: N



~H/

NV

W
Ay
\

3. Advanced Safety Analysis (BEPU) M
4. Data Analytics & Computer Visi
5. Scientific Computer Codse

1. DSAM Pole presentation & perimeter \\\&
NN

6. External Partnershi
7. Perspectives \\

\

framaton'le © Framatome - Allrights reserved | g

C1 - Framatome Restricted / Framatome know-how / Export Control - AL: N ECCN: N



DNBR Box
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DNB generic protection channel in PWR safety systems

A One of the most important tasks in a PWR reactor core design regarding safety analysis and operating

performance is the prediction of thermal margins with respect tdothkng crisisassessed with the
DNB ratio (DNBR)

steam
layer

DNB risk: breach of the first barrier

High
temperature

Thermal

flux A To avoid any damage to the cladding due to an excessive increase in the temperature, the

thermal heat flux must not exceed a given value: the critical hedt flux (CHF)

A The CHF is determined experimentally as an empirical proprietary correlation of the local
ThermalHydraulics (TH) parameters (P: pressure, G: mass flow, X: quality) and the geometric
characteristics of the fuel assembly design

Cladding —
_ : A The DNBR is assessed as the ratio between the CHF and the local thermal theat flux

Sudden increase in rod during safety studies simulatioasd alsaonline with a simplified algorithm for 4 loops and
surface temperature at EPR reactors:

critical heat flux (CHF)

00 6 L) f (ORANQQE A Qo1
U 0 (W =
‘ f (chud)
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Overview of DNB generic protection channel (2)

A Framatome 1300 MWe, N4 and EPR : functional units of the safety systems are directly
assessing the online Linear Power Density (LPD) and DNBR to improve margins

A Digital 1&C system based on evolution of core instrumentation

A French 1300MWe/N4: introduction of simplified DNBR evaluation in RPS using SPINLINE technology
from multi stages excore measurements

A EPR : DNBR calculated in RPS based on TELEPERM XS (TXS) technology from in core Co SPNDs
measurements

A Benefits of the current solution : online DNBR algorithm relies on a simplified physical modeling
compared to a reactor trip / surveillance threshold including different uncertainties and penalties to insure a conservative
reconstruction with respect to reference simulations

A It is penalized with respect to the 3D reference code simulations to compensate the inaccuracy of the local TH
variables reconstruction thus insuring its conservatism through epistemic parameters called the i Bi Gausr v e s 0

f (ORO-rdip? & ( &RQ¢ & Kificsey) )
f o (chuig)

00 6 (W)
A Drawbacks

A Algorithmic nature of the DNBR online algorithm processing though simplified: complex
implementation and qualification processes

A Penalizing online DNBR reconstruction and error variability: risk of additional global penalties
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DNBR Box: an embedded Al algorithm in the |&C safety system

Aldea of DNBR Box
A To use an Al algorithm trained on 3D core physics reference codes simulations

ATo be embedded on innovative I&C hardware capabilities : TXS Compact based
on FPGA (Field Programmable Gate Array) chipset technology

A Benefits of the Box concept
A Same accuracy as the reference code

A Avoiding the complex implementation of state-of-the-art codes within safety
|1&C => same determinism (functional) as the legacy g generic channels

AFPGA chipset perfectly suited for fast inference of Al algorithms (neural
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DNBR Box 1 Learning / Validation Data base

A Lack of online physical modeling must be compensated by a big and representative database
to train and validate the model.

A We sampled a database on N4 NPP design:

0 1000 Thermal-Hydraulic state-points A 6000 axial power distributions continuously perturbed axial power shape
Pz from [-50%;+70%] core neutronics-TH 3D calculations => 6 x 10° data 3D core simulations.

0 Data filtering on local TH conditions belonging to the CHF validity domain and DNBR range
0 Leads to 3 x 10° core statepoints data => big data set of 2To in csv format

Thermal PowerTemperature  Pressure FDH Mass Flow Ratdocal Pressureocal Mass FlowLocal Quality DNBR
1.19969 319.973 189.994 3.4987 1.19999 192.081 435.82 0356 349
DNBR 3D FLICA

DNBR

07

mﬂ'{h 15 0 | 0.60005 270 130.001 13 0.80005 | | 130554 202.98 -0.719 | 0.802

Thermal-hydraulic input parameters Local conditions
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DNBR Box: results of the learning & validation phases

3.0

A Learning and validation of DNBR box :
databaseof millions of 3D core statepoints
issued from neutronicsthermalhydraulics
referencecodesimulations

20+
DNBR Box

A Very good accuracy from performance

metrics

A Same performance on EPRdesign from 6
SPND&PDand3 THfeatures

0.5

2.5+

Metrics

15 20 25 30

DNBReferencecode

Learning base Validation base
(80 %) (20 %)
1.43 104 1.33 104
0.999 0.999
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DNBR Box: test phase on accidental transients simulations

——=—— FLICA

24

Apn
DNBReferencecode
DNBR Box

DNBR

A Validationbeyondthe classicaheuristics 22

A direct replacement of theeferencecode by DNBR bakgorithmin )
the complexmultiphysicsaccidentatransientsimulation toperform
advancedsalidation 18

1.6

|

A TH systeng core3D TH code '

(Uncontrolled Rod Bank Withdrawal, reactor at Power) : 1.2
Neutronic€)D modelingwith MANTAaccidentalTH systemcode

—

[||||||][I||||| D_Illlllllllllll III|III|IIIIIIII

-!I|III|II[|IIJIIl[lIIIlIIIIIIII-

2 4 6 8 10 12l 14 16 18 20
nd 3 1 I I | | | i
m —— FLIC" —
e — . ann DNBReferencecode _
(m) DNBR Box -
A TH system i 1D core Neutronics code - 3D TH code 25 ]
(Uncontrolled Rod Bank Withdrawal, reactor at Power) : 5 _:
Neutronics 1D modeling with SMART code coupled to MANTA code -
(varying axial power distributidom -10%PN to +40%PN during transient -
analysis) o —
A Phenomenologicaltests with true accidental study ) -
simulationsucceeded S e B e
Time (s)
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TELEPERM XS Compact: a new FPGA -based safety platform

Nuclear-grade safety I&C platform developed by IC BU Framatome as part of TXS | Tr

product line (used e.g. for EPR protection system already) ¢ | H
Major investment of IC BU and main support for growth of market share in the -

future |

Generic qualification following IEC/RCC-E nuclear standards, compliant with - - H
IAEA SSG-39

Innovative patented concept using FPGA (Field Programmable Gate Array) and o L H
high-end configuration software |

FPGA are intensively used for aeronautics,
military and space embedded systems, and
perfectly suited for fast inference of Al
algorithms

TXS Compact qualification will be finalized in
2023, first commercial application expected in
2024

Technical basis for DNBR Box proof of
concept
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DNBR Box complexity optimization with Genetics Algorithms

A Safe implementation on TXS Compact requires optimization of the number of variables due to safety-

related constraints

A Explore the large scale hyper-parameters space with Black Box optimization algorithms to reduce the
complexity to cope with safety 1&C systems requirements

A Reduce the complexity by one order of magnitude

Attributes Description possible choices
Number of layers The depth of the neural network 34567
Size first layer Number of neurones on the first layer 10,15,20,25,30
Decreasing rate Ratio of the number of neurones from one layer to the next 08,09
Activation function | Non linear activation function of the neurones of the network | ’sigmoid’,‘relu’
Batch size Tnitial batch size for training 1,10,100
Transition step Number of updates before changing batch size 100,1000
Batch size evolution rate Increasing rate of the batch size 1.01,1.05,1.1
Number of epochs Number of iteration over the training dataset 58
ANN ANN ANN ANN _ Learning Rate Leaning rate for gradient descent 0.001,0.0001
Train et Dropout Dropout reguralization on training 0.0,0.05,0.1,0.2
—.... COMBINATIONS \ | 28800
\ y y
- - Test set W Training dataset
.... +00000 s Validation dataset
* * 300000
Fitness 1 Fitness 2 Fitness N-1  Fitness N 2
Metrics | Learning base | Validation base & 00000 ]
MSE 0.000244 0.000246
MAE 0.011442 0.011475 100000
Q? 0.9994 0.9994

0

Puissance thermique
Pression
FDH
Température
Fraction de debit {
Distribution axiale de puissance ¢
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DNBR Box implementation on TELEPERM XS Compact

Proof-of-concept implementation of a fast inference Al algorithms based on reference computer codes
simulations has been achieved on a representative industrial next generation of Framatome safety automation

system based on the TXS Compact technology
Benchmark with 1 million test vectors (vs 30k for the data base of current projects)

=> improvement of the core statepoints representativeness, validation and qualification process

Improvement of the processing time
FPGA is perfectly suited for fast processing of neural networks, even in this TXS

Compact safety grade configuration
212 £¢s DNBR Box latency vs 200 ms for the current DNBR algorithm solution

DNBR Box TXS Compact DNBR Box
VS

Accuracy improvement

vs the current solution VS
softwareimplementation (Python on HPC 3Dreferencecode

cluster)

Errorassessedn 1Million 3D 2.033 1013 1.943 104

referencecore codes tesdataset Sol#\'?v‘:rse'dent'cal btw hardwareand  pegyits close to the reference
code simulations
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Live demo of the prototype to Illustrate the proof of concept

R ‘

A
2
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DNBR Box - benchmark on test data from N4 NPP with EDF

Benchmark of DNBR prediction on real life transients between reference simulation, current simplified
algorithm and DNBR box

i

L ;
: s
Wil DNBRBox
Demo
Database - Campaign Database - Simulation
esign

1000x faster 100x more precise +[5 - 10] % of DNBR margins

ction threshold)/(protection threshold) x 100)

Calculator benchmark
Database - Campaign 2021

aaaaa
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DNBR Box 3D T perspectives

A Usingconvolutionalnetwork to take into accountthe geometryof the problem, in particular the spatial
correlationof the nuclearpowerdistributionasa 3D field, to predictthe whole DNBHRield in the coreusinga
ConvolutionaNeuralNetwork(CNN.

A We could try to combine neural net with GaussiarProcesses> but we believein the fast computation
capabilitiesof DLalgorithmsembeddedon FPGAardware

3D convolution

3D power
3D DNBR

CNSEENRE

I/

TH Boundary MLP
conditions

Y N N Y

0000
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DNBR Box 3D T perspectives

Results

DNBR 3D FLICA

[’1"?[1{! h

DNBR 3D CNN

- 2{] ) 2{]
15 | E 15 [ 15| E15
- 10 - 10
10 10
5 5
15
a5
L '\":'.'r
10 B
15 0 Wigy, 15 0
Metrics Learning Base | Validation Base
MSE 0.067 0.2705
Q*=1- % 0.9979 0.9932
Error on DNBR 0.0386 0.0865
Error on min, ,.DNBR 0.1187 0.2047
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Computing power challenge s

A Computation has been made on the EDF/Framatome HPC CRONOS cluster which includes 81600
CPU cores with a frequency of 2.4 GHz that leads to 4.2993 PFlops/s.

A It was ranked 67 in 2021 in the top500 HPC in the world.
A CRONOS includes also 45 nodes of 4 GPU NVIDIA TESLA V100 SMX2 (with 5120 NVIDIA

CUDA cores and a frequency of 1.245 GHz).
0 500 1000 1500 2000

No bottleneck CPU-GPU
I 58
40 minutes for
training
hours
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CRONOS 1 GPU

CRONOS 10 x 4 GPU

40 minutes ! ) CPU-GPU parallelization




Open questions for safety critical Al applications

A For critical applications like in nuclear safety, aeronautics, autonomous vehicle, medicine, etc. it is
important (even mandatory regarding the safety authorities and regulatory bodies upcoming
requirements) to be confident on the predictions of the model and on its uncertainties.

A Can we train a model to predict with a good accuracy and in the same time to estimate with a good
confidence the uncertainty?

A Can we trust the uncertainty estimation in test time, out-of-distribution time?
A Can we implement these methods on specific hardware like Field Programmable Gate Array (FPGA)?

PHIMECA workshop on@&lFramatome - All rights reserved 24
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Robustness challenge: UQ methods

In Deep Learning

A Several Uncertainty Quantification (UQ) methods exist depending on the number of forward passes or

based on the nature (deterministic or stochastic) of the model.

Internal
methods
External
methods

Single Network
Deterministic
Methods

Monte-Carlo
sampling
Laplace
approximation

Variational inference

Bayesian
Methods

framatome

Neural Network
Uncertainty
Quantification
Methods

Conformal
Methods

Test-Time

Augmentation
Methods

Ensemble

Augmentation
policies

Methods

Deep ensemble
Batch ensemble

Bagging
Boosting
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Open questions for

A Several UQ methods exist, but they are not equal.
A Differences in theoretical framework, in estimation time, in theoretical guarantees, in programming

implementation, etc.

A Difference in behavior with respect to the dataset: train dataset, test dataset, distribution shift dataset,
out-of-distribution dataset.

A For nuclear protection system based on embedded inference DL with UQ estimation on real distribution
shift dataset: difference in terms of prediction accuracy and uncertainty estimation confidence.

critical applications

2.975 1

2.950

2.925 1

2
2 2,875 4

2.850 1 1

2.825 1

—— Experimental data - FLICA
—— DNER Box UQ
Confidence level 95 %

Bayesian Neural Network

framatome

—— Experimental data - FLICA
Box U

Confidence level 95 %

T T T T T T
2021-03-15 2021-03-17 2021-03-19 2021.03-21 2021-03-23 2021-03-25
Time

Deep Ensemble

—— Experimental data - FLICA
—— DNEBR Box UQ

Confidence level 95 %

T T T T T T
2021-03-15 2021-03-17 2021-03-19 2021-03-21 2021-03-23 2021-03-25
Time

Monte-Carlo Drop-out

—— Experimental data - FLICA
Box U

Confidence level 95 %

2950

2925

2.900
<

2.875

2.800

T T T T T T
2021.03-15 2021-03-17 2021-03-19 2021-03-21 2021-03-23 2021-03-25
Time

Conformal calibration
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Robustness of Safety Analysis — BEPU methods

Safety Analysis Report

Advanced safety BEPU
methodologies (“Best
Estimate Plus Uncertainty”),
Uncertainty Quantification
and sensitivity analysis for
Multi-physics / Multi-scale
simulation

Typical application

Robustness improvement of
safety demonstration,
Reliability Assessment of
passive systems (PSA):
Adaptive design of
experiments (DoE) strategy
based on Bayesian
optimization and GP, to
tackle the computing cost
challenges

| Main steam line

Steam generator

Secondary side

Primary side
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