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30 MAY - FIRST DAY

TIME (CEST)*

08.00-09.00 Registration at the INRiM
9 Strada delle Cacce 91, 10135 TORINO

INRiM and Politecnico di Torino welcome
Room: Conference Hall
09.00-09.15
Francesca Pennecchi (MSMM 2023 co-chair, Istituto Nazionale di Ricerca Metrologica, IT), Pietro Asinari (Scientific Director of
the Istituto Nazionale di Ricerca Metrologica, IT) and Enrico Bibbona (DISMA, Politecnico di Torino, IT)

ENBIS and Mathmet welcome
@ Room: Conference Hall

09.15-09.30 - . ; s
Antonio Pievatolo (MSMM 2023 co-chair, ENBIS Past President, IMATI-CNR) and Alistair Forbes (ENBIS SIG on Measurement
Uncertainty co-chair, National Physical Laboratory, UK), Francesca Pennecchi (MSMM 2023 co-chair, EMN Mathmet Chair) and
Nicolas Fischer (EMN Mathmet Vice-Chair, Laboratoire national de metrologie et d'essais, FR)

Invited speaker - Lorenzo Tamellini, Institute of Applied Mathematics and Information Technologies “Enrico Magenes” (CNR-
IMATI Pavia, IT)
09.30-10.20

A multi-fidelity method for uncertainty quantification in engineering problems - Chair: Antonio Pievatolo
@ Room: Conference Hall

10.20-10.40 COFFEE BREAK

MATHMET Project - Chair: Nicolas Fischer
Room: Conference Hall

ID 122 The strategic research agenda of the European Metrology Network Mathmet
10.40-11.05 Sebastian Heidenreich - Physikalisch-Technische Bundesanstalt, DE

ID 126 Mathmet Quality Assurance Tools for data, software, and quidelines
11.05-11.30 Keith Lines - National Physical Laboratory, UK

Applications of Machine Learning Methods for Solving Inverse Problems
Chair: Philipp Benner
Room: Conference Hall

ID 53 [nvertible neural networks for estimating electron densities from X-ray scattering measurements
11.30-11.50 Philipp Benner - Bundesanstalt fur Materialforschung und -prufung, DE

1D 123 Reconstructions of nano-geometries from grazing incidence X-Ray fluorescence measurements using neural networks
11.50-12.10 Sebastian Heidenreich - Physikalisch-Technische Bundesanstalt, DE

ID 70 Determining radius and refractive index of nanoparticles using machine learning
12.10-12.30 Federica Gugole - Nationaal Metrologisch Instituut, NL

ID 76 Predicting Equivalent Electrical Circuits from Electrochemical Impedance Spectroscopy (EIS) Data with Convolutional
Neural Networks and Global Optimization
12.30-12.50 Alexander Kister - Bundesanstalt fur Materialforschung und -prufung, DE

12.50 - 14.00 LUNCH BREAK - EXPO ROOM

a‘eORAL PRESENTATION - all time listed are CEST (UTC+2)



PARALLEL SESSIONS
QROOM: CONFERENCE HALL

Design and optimisation methods

Chair: Enrico Bibbona

ID 58 Bridging the Gap between Design and Metrology using Statistical Tolerance Analysis
14.00-14.20 Mattia Maltauro - Department of Management and Engineering, University of Padova, IT

ID 18 Simulated Annealing for Covariate-Adaptive Designs
14.20-14.40 Marco Novelli - Department of Statistical Sciences, University of Bologna, IT

ID 81 A procedure for optimal designs and modeling in technological processes: a case-study on freight trains
14.40-15.00 Nedka D. Nikiforova - Department of Statistics Computer Science Applications “G. Parenti”, University of Florence, IT

ID 55 Improving cancer diagnosis times by optimising resource allocation
15.00-15.20 Elizabeth A. Cooke - National Physical Laboratory, UK

Industrial applications
Chair: Gianfranco Genta

ID 96 Subjective vs objective assembly complexity assessment: a comparative study in a Human Robot Collaboration framework

15.20-15.40 Elisa Verna - DIGEP, Politecnico di Torino, IT
ID 155 The thermal dynamics of a brake pad, and the estimation of its thermal parameters
15.40-16.00 Francesca Collini - DISMA, Politecnico di Torino, IT

Q@ ROOM: SEMINAR ROOM

Conformity assessment

Chair: Francesca Pennecchi

ID 26 Advanced methods for assessment of chemical compositions of multicomponent substances or
materials and their categorical property values

14.00-14.20 Ilya Kuselman - Independent Consultant on Metrology, IL
ID 97 How do asymmetric measurement distributions affect risks in conformity assessment?
14.20- 14.40 Stephen L REEllison - LGC limited, UK

Longitudinal data and time series
Chair: Marco Coisson

ID 38 Modeling Lifetime Drift of Discrete Electrical Parameters for Automotive Semiconductors

14.40-15.00 Lukas Sommeregger - Infineon Technologies Austria AG, AT
ID 125 Forecasting oxvgen content in seawater

15.00-15.20 Gianfranco Durin - Istituto Nazionale di Ricerca Metrologica, IT
Reference data

Chair: Alistar Forbes
ID 128 Towards Reference Point Cloud Generation for Data Fusion in Dimensional Metrology

15.20-15.40 Louis-Ferdinand Lafon - Laboratoire Commun de métrologie et d'essais, FR
ID 132 Reference data for Electrical Resistance Tomography
15.40-16.00 Alessandro Cultrera - Istituto Nazionale di Ricerca Metrologica, IT

COFFEE BREAK & POSTER SESSION
16.00-16.30 ROOM: EXPO ROOM

Q@ ROOM: CONFERENCE HALL

Uncertainty and regression problems
Chair: Walter Bich
ID 88 On the dB-to-linear conversion

16.30-16.50 Luca Callegaro - Istituto Nazionale di Ricerca Metrologica, IT

ID 121 Data smoothing and its application to the evaluation of the measurement uncertainty in a humidity standard
16.50-17.10 Rezvaneh Nobakht - Istituto Nazionale di Ricerca Metrologica, IT

ID 103 Callendar Van Dusen interpolation by means of Piecewise Constrained Least Squares with nullspace method - an update
17.10-17.30 Graziano Coppa - Istituto Nazionale di Ricerca Metrologica, IT

Q@ ROOM: SEMINAR ROOM

Methods for dosimetry
Chair: Stephen Ellison

ID 50 Meta-analysis of dosimetry audits

16.30-16.50 Ellie L. Smyth - National Physical Laboratory, UK
ID 56 Sensitivity Analysis for Gamma Index Calculations in Dosimetry Audits for Advanced Radiotherapy
16.50-17.10 Nadia Smith - National Physical Laboratory, UK

Methods for Electric Properties Tomography
17.10-17.50 Chair: Oriano Bottauscio
ID 68 Repeatability and Reproducibility Uncertainty Assessment in Magnetic Resonance-based Electric Properties Tomography of

a Homogeneous Phantom
17.10-17.30 Alessandro Arduino - Istituto Nazionale di Ricerca Metrologica, IT

ID 84 Electric Properties Tomography via Green'’s Integral Identity
17.30-17.50 Luca Zilberti - Istituto Nazionale di Ricerca Metrologica, IT

Social dinner
| Venue: Kipling Restaurant & Wines

Via Giuseppe Mazzini, 10 - 10123 Torino
@® 19.30-22.00




TIME (CEST)a'6

08.30-09.00

31 MAY - SECOND DAY

Registration at the INRiM
Q strada delle Cacce 91, 10135 TORINO

09.00-09.10

Welcome to day 2
Room: Conference Hall

Francesca Pennecchi (MSMM 2023 co-chair, Istituto Nazionale di Ricerca Metrologica, 1T)

09.10-10.00

Invited speaker - Botond Tibor Szabo, Bocconi University, Department of Decision Sciences (Milano, IT)

On the theoretical understanding of Bayesian methods in complex models
Chair: Francesca Pennecchi
@ Room: Conference Hall

10.00-10.20

10.20-10.40

Methods for Deep Learning
Chair: Sebastian Heidenreich
Room: Conference Hall

1D 112 GUM-compliant uncertainty propagation for deep neural networks
Bjorn Ludwig - Physikalisch-Technische Bundesanstalt, DE

1D 93 Efficient learning of the copula distribution using WGANs
Jorg Martin - Physikalisch-Technische Bundesanstalt, DE

10.40-11.20

PARALLEL SESSIONS

COFFEE BREAK & POSTER SESSION
ROOM: EXPO ROOM

Q ROOM: CONFERENCE HALL

iMet-MRI Project
Chair: Nadia Smith
ID 65 T2 ornot T2? A new tool for consistent processing of gMRI parameters

11.20-11.40 Jack D. Clarke - National Physical Laboratory, UK

1D 111 An efficient way to generate synthetic spin echo signals by the extended phase graph
11.40-12.00 Asante Ntata - National Physical Laboratory, UK

1D 129 Simulation of acquisition process in Magnetic Resonance Imaging to support standardization
12.00-12.20 Riccardo Ferrero - Istituto Nazionale di Ricerca Metrologica, IT

Bayesian methods

Chair: Gianfranco Durin

1D 108 Separation of effects associated with measurement data
12.20-12.40 Alistair Forbes - National Physical Laboratory, UK

ID 80 Investigation of a Bavesian approach for the calibration of large batches of sensors
12.40-13.00 Andrea Prato - Istituto Nazionale di Ricerca Metrologica, IT

Q@ ROOM: SEMINAR ROOM

ViDit Project

Chair: Sonja Schmelter

ID 71 Challenges related with Virtual Experiments in Metrology
11.20-11.40 Gertjan Kok - VSL, NL

ID 113 Trustworthy virtual experiments and digital twins (ViDiT) - Uncertainty evaluation for Digital Twins
11.40-12.00 Giacomo Maculotti - DIGEP, Politecnico di Torino, IT

ID 130 Monte Carlo simulations for uncertainty estimation of error separation technigues
12.00-12.20 Saint-Clair T. Toguem - Laboratoire national de metrologie et d’essais, FR

Modelling for engineering applications

Chair: Maurizio Galetto

ID 42 Multilayer Delamination Model
12.20-12.40 Kirill Ivanov - Infineon Technologies Austria AG, AT

LUNCH BREAK - EXPO ROOM

x*

ORAL PRESENTATION - all time listed are CEST (UTC+2)



Q@ ROOM: CONFERENCE HALL

QUIERO Project
Chair: Luca Zilberti
ID 106 Physiological variability in brain electric conductivity: correcting the effect of the age for the detection of pathological
alterations
14.00-14.20 Sebastien Marmin - Laboratoire national de métrologie et d'essais, FR
ID 114 Combining experimental design with digital twin and phantom experiments to optimise data acquisition for
magnetic resonance fingerprinting (MRF)
14.20-14.40 Stephen L.R. Ellison - LGC Limited, UK
1D 127 Myocardial Fibrosis Segmentation from MRF Images
14.40-15.00 Aleksander Sadikov - Faculty of Computer and Information Science, University of Ljubljana, S|

Q@ ROOM: SEMINAR ROOM

RaCHy Project
Chair: Alessandra Manzin
ID 107 A machine learning approach for the estimation of magnetic nanopatticles specific loss power

14.00-14.20 Riccardo Ferrero - Istituto Nazionale di Ricerca Metrologica, IT

ID 120 In silico experiments to investigate the heating efficiency of magnetic nanoparticles in hyperthermia preclinical tests
14.20-14.40 Marta Vicentini - Istituto Nazionale di Ricerca Metrologica, IT

ID 124 Thermo-acoustic simulation in ultrasound hyperthermia applications
14.40-15.00 Silvia Pozzi - National Center for Radiation Protection and Computational Physics, Italian National Institute of Health, IT

PLENARY SESSION
Q ROOM: CONFERENCE HALL

Explainable Deep Learning
Chair: Gertjan Kok
ID 87 Explainable deep learning inference to decode decision-making processes from multidimensional patterns of neural activities

15.00-15.20 Andrea Ciardiello - “Sapienza” University of Rome, IT

1D 94 From “Wich” to “Why": Interpretation map for Explainable Deep Learning based on Influence methods
15.20-15.40 Andrea Ciardiello - “Sapienza” University of Rome, IT
15.40 - 16.00 CONCLUSIONS

Conference Hall

ONE LAST COFFEE
ROOM: EXPO ROOM

30/05 POSTER SESSION
16.00-16.30 Q Room: Expo Room
31/05 POSTER SESSION
10.40-11.20 Q Room: Expo Room

Black-Box Uncertainty Estimation of Machine Learning Models
Georgi Tancev - Federal Institute of Metrology METAS, CH

ID 28

Quantitative analysis and processing of surfaces and profiles from profilometry images
Andrea Giura - Istituto Nazionale di Ricerca Metrologica, IT

ID 45

Ensuring the validity of measurement results through the use of triangulation rules
lulian Mihai - Istituto Nazionale di Ricerca Metrologica, IT

ID 51

PVES - an open source software for the computation of in solution and precipitation equilibria
Lorenzo Castellino - University of Turin, IT

ID 101

Obsidian sourcing by combining SEM images and machine learning

ID 105 Marco Coisson - Istituto Nazionale di Ricerca Metrologica, IT

VIDIT project "Trustworthy virtual experiments and digital twins”
Sonja Schmelter - Physikalisch-Technische Bundesanstalt, DE

ID 115

Employing machine learning models to enhance the prediction of cocrystals formation
Eugenio Alladio - University of Turin, IT

ID 156




A multi-fidelity method for uncertainty quantification in
engineering problems

Lorenzo Tamellini

Institute of Applied Mathematics and Information Technologies “Enrico Magenes”
CNR-IMATI, Pavia, ltaly

Computer simulations, which are nowadays a fundamental tool in every field of science and
engineering, need to be fed with parameters such as physical coefficients, initial states,
geometries, etc. This information is however often plagued by uncertainty: values might be
e.g. known only up to measurement errors, or be intrinsically random quantities (such as
winds or rainfalls). Uncertainty Quantification (UQ) is a research field devoted to dealing
efficiently with uncertainty in computations. UQ techniques typically require running
simulations for several (carefully chosen) values of the uncertain input parameters
(modeled as random variables/fields), and computing statistics of the outputs of the
simulations (mean, variance, higher order moments, pdf, failure probabilities),
to provide decision-makers with quantitative information about the reliability of the
predictions. Since each simulation run typically requires solving one or more Partial
Differential Equations (PDE), which can be a very expensive operation, it is easy to see how
these techniques can quickly become very computationally demanding.

In recent years, multi-fidelity approaches have been devised to lessen the computational
burden: these techniques explore the bulk of the variability of the outputs of the simulation
by means of low-fidelity/low-cost solvers of the underlying PDEs, and then correct the results
by running a limited number of high-fidelity/high-cost solvers. They also provide the user a
so-called "surrogate-model" of the system response, that can be used to approximate the
outputs of the system without actually running any further simulation.

In this talk we illustrate a multi-fidelity method (the so-called multi-index stochastic
collocation method) and its application to a couple of engineering problems. If time allows,
we will also briefly touch the issue of coming up with good probability distributions for the
uncertain parameters, e.g. by Bayesian inversion techniques.

References

C. Piazzola, L. Tamellini, R. Pellegrini, R. Broglia, A. Serani, and M. Diez. Comparing Multi-
Index Stochastic Collocation and Multi-Fidelity Stochastic Radial Basis Functions for
Forward Uncertainty Quantification of Ship Resistance. Engineering with Computers, 2022

J. Beck, L. Tamellini, and R. Tempone. IGA-based Multi-Index Stochastic Collocation for
random PDEs on arbitrary domains. Computer Methods in Applied Mechanics and
Engineering, 2019



On the theoretical understanding of Bayesian methods
in complex models

Botond Tibor Szabd

Bocconi University, Department of Decision Sciences
Milano, Italy

Bayesian methods are becoming increasingly popular in various fields of sciences. They
offer a principled way to incorporate expert knowledge into the statistical model and provide
built in uncertainty quantification (i.e quantifying the remaining uncertainty in the statistical
procedure). To deal with the ever increasing amount of available information and
increasingly more complex models new approximation methods (e.g. parallel computing,
variational approximations) are being developed to speed up the computations and reduce
the memory requirement. | will demonstrate the wide applicability of Bayesian methods over
several concrete examples ranging from epidemiology through astronomy.

However, Bayesian methods are subjective by nature (by the choice of the prior) and
inaccurate use can result in misleading interpretation and contradictory conclusions.

To better understand their behaviour and achieve acceptance by a wider scientific
community their frequentist properties have to be understood. The main focus of research
is on understanding whether Bayesian methods can recover the underlying parameters of
interest (with an optimal rate) as the sample size increases (called Bayesian consistency),
and whether Bayesian uncertainty quantification provides reliable confidence statement (i.e.
frequentist coverage). | will briefly discuss the state of the art literature in this field and
introduce some standard techniques achieving such guarantees.

References

[1] Ghoshal, Ghosh, van der Vaart (2000) Convergence rates of posterior distributions.
Annals of Statistics

[2] Szabo, van der Vaart, van Zanten (2015) Frequentist coverage of adaptive
nonparametric Bayesian credible sets. Annals of Statistics (Discussion paper)

[3] Szabo, van Zanten (2019) An asymptotic analysis of distributed nonparametric methods.
Journal of Machine Learning Research.



Simulated Annealing for Covariate-Adaptive
Designs

Marco Novelli, Alessandro Baldi Antognini and Maroussa Zagoraiou

Key words: Balancing Covariates, Loss of information, Treatment Comparison

Abstract

In comparative experiments, balancing the covariates across experimental groups is
a fundamental requirement to perform reliable inference about the treatment effects
[Rosenberger and Sverdlov(2008)]. In this regard, several procedures have been
suggested in the literature. However, most of the proposed methods are applicable
only with categorical factors, while quantitative variables are generally either ig-
nored or discretized, thus affecting the inferential accuracy. The few exceptions (see
for example [Atkinson(1982)]) show performances that are strongly related to both
the correctness of the model specification and its complexity [Baldi Antognini et
al.(2023)]. In the last decade, thanks to the recent advances in the biomarkers-based
personalized medicine, it has become increasingly common to include several co-
variates and their interactions in the analysis [Karczewski and Snyder(2018)]. Nev-
ertheless, an efficient Covariate-Adaptive (CA) procedure able to deal with mixed
covariates profile with potentially complex interaction structure is still missing.

In this work we discuss a new class of CA designs based on the Simulated An-
nealing (SA) algorithm recently proposed in [Baldi Antognini et al.(2023)]. Orig-
inally suggested by [Metropolis et al.(1953)] in the field of statistical mechanics,
SA is a stochastic local search algorithm which has been employed to approximate

Marco Novelli
Department of Statistical Sciences, University of Bologna, e-mail: m.novelli @unibo.it

Alessandro Baldi Antognini
Department of Statistical Sciences, University of Bologna, e-mail: a.baldi@unibo.it

Maroussa Zagoraiou
Department of Statistical Sciences, University of Bologna, e-mail: maroussa.zagoraiou@unibo.it
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global optimization solutions for large search spaces. It comes from the physical
process of the annealing of metals by gradual cooling: at high temperatures, the par-
ticles are rather free to move, leaving the structure subject to substantial changes,
while as the temperature gradually decreases, the probability that a particle will
move decreases accordingly, until the system reaches a steady state.

Here, the SA algorithm is exploited to control covariate imbalance and a new CA
procedure, the Simulated Annealing Design (SADe), is presented. Such a design is
very flexible since:

e it can deal with continuous and/or categorical variables,

e it allows the adoption of any specific measure of covariate imbalance,

e it can be applied to both fixed (i.e., non-sequential) experiments, where all the
covariate information is available before the trial begins, and sequential ones
in which statistical units enter the trial sequentially (where at each step, only a
partial information about the covariates is available).

Due to the nature of the SA algorithm, SADe is intrinsically randomized and com-
pletely unpredictable, thus avoiding any possible selection bias. Moreover, it turns
out to be particularly effective also in the case of small sample sizes and a large
number of covariates. The finite sample properties of the SADe are further explored
through an extensive simulation study, exhibiting a remarkable improvement in the
ability to balance the experimental groups as well as in the inferential accuracy with
respect to all the other procedures proposed in the literature.

References

[Atkinson(1982)] Atkinson AC (1982) Optimum biased coin designs for sequential
clinical trials with prognostic factors. Biometrika 69, 61-67.
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(2023) Simulated Annealing for Balancing Covariates. Statistics in Medicine, to
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omics for health and disease. Nature Reviews Genetics 19.5, 299.
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dling covariates in the design of clinical trials. Statistical Science, 23, 404-419.



Advanced methods for assessment of chemical
compositions of multicomponent substances or
materials and their categorical property values

Ilya Kuselman?, Francesca R. Pennecchi?, Tamar Gadrich® and D. Brynn Hibbert?

Key words: Chemical composition, Conformity assessment, False decisions,
Categorical property values, Comparison

1. Conformity Assessment of a Chemical Composition

A Bayesian methodology for the evaluation of risks of false decisions on conformity
of a multicomponent substance, material or object, due to measurement uncertainty
was developed and published as the IUPAC/CITAC Guide [Kuselman et
al.(2021a)]. In continuation of this development, another IUPAC/CITAC Guide,
taking into account a mass balance constraint of the object composition [Kuselman
et. al.(2019)], is now under preparation for publication.

The mass balance constraint means, according to the law of conservation of mass,
that the sum of the actual (‘true’) values of the component contents under
conformity assessment is equal to 100 % (or 1 when expressed as fractions). At the
same time, the sum of measured contents can differ from 100 % (or 1) because of
measurement uncertainty. As a consequence, the actual component contents are
intrinsically correlated. This correlation influences the evaluation of risks of false
decisions in addition to effects of possible contributions of metrological, native or
technological correlations of the data. The Guide will be helpful for a range of
applications in analytical chemistry and metrology.

Different scenarios of risks of false decisions due to measurement uncertainty at
the mass balance constraint are considered in the following examples of conformity
assessment of chemical compositions of:

- a platinum-rhodium alloy produced by a manufacturer in a two-year period
[Pennecchi et. al. (2020)];

- a batch of potassium iodate as a candidate reference material of given purity
[Pennecchi et. al.(2021a)];

- sausage "Braunschweigskaya" from two manufacturers produced over three years
[Pennecchi et. al.(2021b)];

- synthetic air prepared by NMIs as ‘zero or balance gas’ in calibration mixtures for
Key Comparisons, and also by an industrial manufacturer for medicinal purposes
[Pennecchi et. al.(2022)].

2. Assessment of Categorical Property Values

! Independent Consultant on Metrology, Israel, ilya.kuselman@bezegint.net

2 Istituto Nazionale di Ricerca Metrologica (INRIM), Italy, f.pennecchi@inrim.it

3Braude College of Engineering, Karmiel, Israel, tamarg@braude.ac.il
4School of Chemistry, UNSW Sydney, Australia, b.hibbert@unsw.edu.au
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Application of a newly-developed decomposition of total variation in two-way
categorical analysis of variation of nominal values (CATANOVA) [Gadrich et
al.(2020)], and two-way analysis of variation of ordinal values (ORDANOVA)
[Gadrich & Marmor(2021)] for interlaboratory or similar comparisons of
examination/test results, has been targeted in the next IUPAC project [Kuselman et
al.(2021b)]. Two-way CATANOVA has been applied for interlaboratory
examination of weld imperfections [Gadrich et al.(2020)]. A case study of expert
responses of 45 ecological laboratories to intensity of odor and taste of drinking
water was an example of the application of ORDANOVA [Gadrich et al.(2022a)].
Another example was a study of sensory responses of experts to the quality
properties of samples of market-purchased sausage ‘“Moscowskaya” manufactured
by 16 producers. Dependence of the probabilities of classification of five quality
properties to one of the categories as a function of the chemical composition of the
sausage was assessed using multinomial ordered logistic regression [Gadrich et
al.(2022b)].
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Black-Box Uncertainty Estimation of
Machine Learning Models

Georgi Tancev

Key words: bootstrap, machine learning, Monte Carlo, uncertainty propa-
gation

1 Introduction

Estimating the uncertainty of measurements is a routine task in measure-
ment science. The expanded uncertainty U of a model Y = my(X) + € (with
variables X and Y) typically contains three terms categorized into aleatoric
and epistemic uncertainty: the uncertainty of the input/output realizations
x and y, as well as the model parameters 6 [5].

om om 1
U =2x (5 Fux) + 2 +( 55 )72 M
~—_———
aleatoric epistemic

The increasing use of machine learning models such as neural networks [6],
random forests [2], or Gaussian processes [3] may require dedicated meth-
ods for uncertainty propagation. For parametric models, Eq. 1 can be com-
puted analytically. If derivatives are not available (e.g., in nearest neigh-
bors), Monte Carlo simulations [1] can be performed instead. While such
random trials allow to estimate the effect uncertain inputs or outputs, they
do not necessarily take into account the uncertainty (i.e., variability) of the
model. This work proposes bootstrapping [4] combined with Monte Carlo
simulations as a black-box (i.e., plug-in) method to obtain an empirical esti-
mate of the uncertainty distribution of the model output (Fig. 1).
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Fig. 1: Visualization of the approach.
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Modeling Lifetime Drift of Discrete Electrical
Parameters for Automotive Semiconductors

Lukas Sommeregger and Horst Lewitschnig
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Abstract

Autonomous driving technology presents new challenges in the field of semicon-
ductor manufacturing for the automotive industry. Longer-than-before usage times
and longer life cycles lead to increased requirements in guaranteeing quality targets
for the whole lifetime of the chips.

To simulate these lifetime behaviors, accelerated stress tests are used which sim-
ulate the lifetime of the device under harsher-than-usual conditions. A sample of
devices is stressed, electrical parameters are measured, then the device is stressed
again and so on until the desired lifetime is simulated. The measured electrical pa-
rameters are retrieved as longitudinal data. As defined in their data sheets, electri-
cal parameters have to stay within their specified limits over lifetime. The drift of
these parameters is an indication of degradation of semiconductor devices. Statisti-
cal models are needed to assess the lifetime drift and guarantee the quality targets,
e.g., 1 or 10 ppm (one part per million) allowed maximum exceedance of the limits.

Based on previous works, [1] and [2], we present a method to adapt a model
for continuous parameters to the case of discretized continuous parameters. This
typically takes place in the case of limited tester resolution or analog-to-digital con-
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version of signals. It introduces additional errors in the data. The idea is based on a
correction comparable to the correction of the gauge repeatability and reproducibil-
ity (GR&R) error. Furthermore, data are corrected for tester offsets.

The case of a combination of measurement uncertainty and discretization error
is simulated and discussed.

Furthermore, we give an example of how to use the model to efficiently calculate
tighter-than-usual guard bands used at production testing to guarantee the quality
of shipped parts to customers. The issue is formulated as an optimization problem
and solved under assumptions of linear changes in the data at time points between
readouts.
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1 Abstract

There has been a significant demand for stacked-die technologies during the past
few years. Delamination is one of the typical failure modes of stacked dies. In Lin
et al (2003), authors define delamination as a separation of layers within a molded
part. Mold compound, imide, die attach, plasma cleaning, or design factors can at-
tribute to delamination.

Delamination is usually modelled by the beta distribution because it can be up to
one hundred percent, and the beta distribution is a bounded continuous probability
distribution defined on the interval from zero to one. In order to describe delamina-
tion at several levels at the same time, a mathematical model is needed. In this case,
a multivariate beta distribution model comes into use.

One of the most intuitive ways to construct a multivariate beta distribution model
is through the relationship between beta and gamma functions. In Olkin et al (2003),
authors were the first to use this relationship in order to construct a bivariate beta
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distribution. This construction is extendable up to n dimensions by adding inde-
pendent gamma random variables with common shape parameter (Arnold and Tony
(2011)). Scalability and flexibility are the advantages of this construction, while
large number of parameters and the absence of density equations for some parame-
ter combinations are the disadvantages.

Another way to construct a multivariate beta distribution is by using the Gaus-
sian copula. Straightforward parameter estimation and the possibility to specify the
desired correlation matrix are the advantages of this construction, while only lin-
ear dependencies and additional degrees of freedom in choosing the copula are the
disadvantages.

The last construction we investigate was proposed in Ferrari and Cribari-Neto
(2004), where authors used the beta regression to build a multivariate beta distribu-
tion model. High flexibility and non-linear dependencies are the advantages of this
model, while scalability and the proper choice of a link function are the challenges.

We simulate the data using the proposed models, where we vary initial model pa-
rameters, sample size, and the number of dimensions. Then, we simulate the model
parameters based on the simulated data. In real measurements, delamination is al-
ways measured with an uncertainty. This, in turn, affects the accuracy of the esti-
mated parameters. We reflect this measurement uncertainty in the simulated data as
well.

We assess the fit of the models using distance measures such as Kolmogorov-
Smirnov statistic, Kullbach-Leibler divergence, and Hellinger distance. The results
are based solely on the simulated data.
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1. Introduction

Surface metrology is concerned with inspecting morphological parameters of a
surfaces or profiles, by using contact or non-contact profilometers.

The following abstract describes the development of a software in Python
environment that implements various processing methods on images from optical
and stylus profilometers. In particular, the program focusses on image pre-processing
and determination of dimensional parameters for 2D areas and 1D profiles.

It is worth mentioning that many open and closed source programs are already
distributed, but they do not provide a sufficient automatization in the image
processing, often requiring the user to repeat the same steps for each image to obtain
the expected results.

The program has been initially developed within the framework of the EMPIR
20INDO07 TracOptic project [!] for the processing of a batch of topographies on RS-
M and RS-N linear step samples, in order to compensate for the lack of automation
for the calculation of height parameters. The developed program [?] is designed to be
modular and scalable for expanding the processing capabilities.

1.1 Surface processing

Surface measurements are usually obtained with optical profilometers or
microscopes, and the resulting topographies must be processed to extract the
parameters of interest.

100
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Figure 1: Topography
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For the pre-processing of the images, three different levelling methods have been
implemented which allow to correct any tilt of the topography: least square plane
levelling, three points plane levelling and bounded least square plane levelling. The
program also includes a method for resampling the image and for extracting cross-
sectional profiles of the topography.

1.2 Profile processing

Profile measurements are usually obtained with stylus profilometers, confocal point
sensors or by extracting a cross-sectional profile from a surface.
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Figure 2: Profile

In order to pre-process the profile, least square line levelling and bounded least
square line levelling were implemented as for the topography. An additional
histogram levelling method has been developed to allow the tilt correction of profiles
with a large feature on a flat baseline.

The program provides Gaussian filters according to the ISO 16610-21:2011
written standard [*] for the extraction of the morphological roughness parameters,
and the erosion morphological filter according to the new ISO 21920-2:2021 written
standard [*].

2. Conclusions

The methods previously described were validated using MountainsMap 7.4 [°]
commercial software.

Regarding profile roughness parameters, an agreement within 0,05% for Ra, 0,2%
for Rq, 0,5% for Rsk and Rku, below 1 %o for Rt, is achieved on different types of
profile from stylus profilometers measurements.

Future developments will focus on uncertainty estimation of morphological
parameters both using GUM and Monte Carlo methods. Moreover, the capabilities
of the software will be expanded to allow the extraction of more complex surface
features.
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In the current digital age, data from measurements are collected routinely for a wide
range of applications. Curating these data in structured databases can greatly
enhance data access, searchability and reuse through data queries. Storing digital
information in standardised and searchable formats is crucial for measurement
science and the metrology community. Additionally, standardised digital records
enable meta-analysis of the data which may reveal unknown patterns, clusters or
correlations improving our understanding of the measurements and their application
domains. This is critical in complex areas such as in healthcare, and in particular in
those areas related to clinical decision making, such as in radiotherapy planning.

Here we curate data from a range of advanced radiotherapy dosimetry audits
conducted at hospitals across the UK using test objects developed at the National
Physical Laboratory. The audits contain several predictions and measurements, as
well as information regarding the type of equipment used at the hospital. We use this
curated data to perform meta-analysis. Specifically, we look at data from lung
Stereotactic ~ Ablative Body Radiotherapy (SABR) dosimetry  audits
[Distefano(2017)] to assess the positional and dosimetric accuracy of a SABR
treatment delivery.

We perform meta-analysis [Hunter(2004)] of the audit data using both traditional
statistical methods and data-driven methods. Fig. 1 shows a visualisation of the
predicted and measured doses which, along with summary statistics, allow hospitals
and auditors to be able to easily visualise and compare audit data from different sites
and using different equipment. The predicted value is calculated by each respective
hospital using their radiotherapy treatment planning system, which is specialised
software that simulates the radiotherapy dose deposition. Highlighting individual
treatment centres (orange circles, Fig. 1) allows us to visualise the spread of data
from a given centre and detect points which are outside the expected confidence
intervals. These results may be used to provide insight to the hospitals by giving a
quantitative comparison between them and other sites using similar equipment. In
addition, these visualisations are useful for auditors as they can highlight outliers
and help to identify previously unknown patterns or dependencies in the data that
need to be investigated further.

We also use data-driven machine learning techniques to search for hidden
patterns within the audit data and use feature importance to determine the key
factors influencing the outcome of radiotherapy audits. Fig. 2 shows results from a
random forest model [Cutler(2011)] used to predict the measured dosage based on
features such as the equipment used, temperature and pressure in the chamber, and
the energy at which the dose was delivered. The model is able to predict the
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measured dosage with a RMS error of 0.654, although we caution that this is using a
small sample size. The results from this type of analysis can give evidence that
certain conditions of the audit may be influencing the outcome of the audit, allowing
auditors and hospitals greater insight when planning future treatments.

The results from our meta-analysis and visualisation will inform future work as
the curated database grows and expands to additional audit types.
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Figure 1: Scatter
plot of the measured
and predicted doses
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Figure 2: Results from a random forest model predicting measured dosage for lung SABR audits. Left:

Scatter plot showing the model predictions. Each point is an individual result, and the line shows a 1:1

correlation for comparison. The model is able to predict the measured dosage with a RMS error = 0.654.

Right: Bar plot showing the feature importance for the model. Higher scores indicate that the model is

more dependent on those features when predicting the output values.
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Ensuring the validity of measurement results
through the use of triangulation rules
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1 Introduction

Measurement results are critical in various industries, including healthcare, aerospace,
and manufacturing. Inaccurate measurements can lead to severe consequences, such
as faulty medical diagnoses, airplane crashes, and defective products. Therefore, it
is essential to ensure the validity of measurement results to maintain the integrity
and reliability of measurements.

The ISO/IEC 17025 standard provides guidelines for laboratories to ensure the
validity of measurement results. This standard specifies requirements for the compe-
tence, impartiality, and consistent operation of laboratories [[SO/CASCO(2017)]. It
outlines the procedures for testing, calibration, and sampling that laboratories must
follow to produce reliable measurement results.

To comply with the ISO/IEC 17025 standard, laboratories must demonstrate the
validity of their measurement results. They can achieve this by using the triangu-
lation rules, which involves using multiple methods or instruments to measure the
same quantity. By comparing the results of multiple measurements, laboratories can
identify any discrepancies.
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2 The triangulation rules

The proposed triangulation tool consists of performing the calibration of a certain
equipment using different traceability chains related to each other. The proposed
tool is indicated, for example, for measurements involving ratios, such as the cali-
bration of high standard resistors by means of a Dual Source High Resistance Ratio
Bridge.

The triangulation tool can help laboratories guarantee the validity of their mea-
surement results by providing a systematic approach to calibration. The tool can also
help laboratories identify and correct measurement errors and improve the accuracy
and precision of their measurements.

To demonstrate the robustness of the presented tool, several tests were con-
ducted to evaluate its performance. The tests involved simulations using Monte
Carlo method. The results showed that the triangulation tool was suitable for de-
tecting inconsistencies in the measurement and therefore for ensuring the validity of
the results.

This tool can be used as a statistical technique to compare results obtained by
different methods, different standards, or a combination thereof, and is used in con-
junction with monitoring results. The methods used to guarantee the validity of the
results, such as retesting or recalibration of retained items, use of calibrated alterna-
tive instrumentation to provide traceable results, intralaboratory comparisons, repli-
cated tests or calibrations, using the same methods or different methods, among
others, should have the application of statistical techniques for analysis whenever
practicable [ISO/CASCO(2017)].

An application example of the triangulation tool includes the calibration of high
value resistors [Mihai(2022b), Mihai(2022a)], where the limited availability of mea-
surement methods prevents a comparison using different methods. In this case, the
tool provides a possibility to increase confidence in the functioning of the measure-
ment system even if it is not possible to use different methods. Next, the theoretical
background and real examples carried out in the laboratory and tests, even as simu-
lations are shown to demonstrate the use of the proposed tool.

3 Examples and performed tests

When determining a resistance value using different ratios, one can use resistors
of different resistance values and compare them all. In this way, there are different
traceability chains related to each other. You can then compare three resistors of
different values A =1, B =1, and C = 10, where the ratios between each pair
would be R, = 1, Ry = 0.1 and R, = 10, and R, = R, X R,. Each ratio has its
associated uncertainty. In the case where only one pair is analyzed, if the values are
incompatible, that is, with the difference greater than the limit, there is no indication
of which of the two resistors could have been the origin of the problem. When
analyzing the different pairs, one can indicate which resistor has a problem or which
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measurement needs to be revised, which helps the user in detecting discrepancies,
and provides an indication of the validity of the measurement results.

4 Conclusion

In conclusion, ensuring the validity of measurement results is critical for maintain-
ing the integrity and reliability of measurements. Compliance with the ISO/IEC
17025 standard is essential for laboratories to achieve this goal. The presented tri-
angulation tool is a reliable and robust approach to testing and calibration that can
help laboratories guarantee the validity of their measurement results.
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1 Abstract

Continuing progress in the field of X-ray scattering empowers scientists with new
possibilities to capture the 3D electron density of materials and molecules. Although
first methods appeared almost a century ago, recovering the density structure of
a sample is still challenging. Scattering techniques measure the intensity of scat-
tered waves, for which a very accurate mathematical description exists based on
the Fourier transform of the electron density. However, the resulting measurements
capture not all information about the sample. Firstly, instead of a 3D measurement,
only a 2D image is measured. In addition, also the phase information of the scat-
tered waves is lost. The latter is known as the “phase problem” and poses a serious
obstacle when trying to recover the 3D electron density. We tackle this problem us-
ing invertible neural networks trained on theoretical electron densities and simulated
Small Angle X-ray scattering (SAXS) measurements. We implemented a computa-
tionally highly efficient software library for simulating SAXS measurements, also
called the forward model. Based on this implementation, we were able to create
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a library of theoretical electron densities and their corresponding SAXS measure-
ments. The library contains electron densities composed of different shapes, includ-
ing spheres and cylinders. We used this library to develop an invertible neural net-
work that is able to recover certain parameters of the electron densities. Despite the
large loss of information when applying the forward model, our method is able to re-
liably identify size and shape parameters. This shows that invertible neural networks
have large potential to interpret the measurements of SAXS experiments. Ideally,
we hope that this work is a first step towards a fully automated measurement and
analysis workflow.
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The UK’s National Health Service (NHS) constitution sets out minimum standards
for rights of access of patients to NHS services. The ‘Faster Diagnosis Standard’
(FDS) states that 75 % of patients should be told whether they have a diagnosis of
cancer or not within 28 days of an urgent general practitioner (GP) referral
[NHS(2019)]. Timely diagnosis and treatment lead to improved outcomes for cancer
patients, however, compliance with these standards has recently been challenged,
particularly in the context of operational pressures and resource constraints relating
to the COVID-19 pandemic. In order to minimise diagnostic delays, we have
proposed addressing this problem by treating it as a resource optimisation problem,
aiming to minimise the number of patients who breach the FDS [Cooke(2022)].

Using the historical patient numbers for the Royal Free London (RFL) NHS
Trust and the recommended pathways for different cancer types, Fig. 1 shows a
visualisation of all cancer diagnosis pathways. The width of each line is proportional
to the number of patients referred for each type of cancer. Fig. 1 gives a clearer
picture of where bottlenecks — i.e., investigations required by larger numbers of
patients — might be, aiding the RFL in planning resourcing.

We created a resource allocation model to simulate different scenarios of patients
flowing through the diagnosis pathways over the course of six months. The model
was validated against actual performance at the RFL, using historical data. The
model was then optimised using a particle swarm optimisation algorithm to see
where capacity might need to be increased to improve patient flow through the
system and to reduce the number of patients breaching the FDS. Fig. 2 shows the
output optimised resource capacities needed for the RFL to meet their FDS targets.

Previous work has addressed patient diagnosis time in single cancer pathways
[England(2021)]. Here, we examined all cancer diagnosis pathways as a complete
system. Fig. 2 shows that changing resource in one investigation impacts resourcing
needed in other areas. This suggests that studies which look at individual areas may
miss the wider context, and not necessarily improve overall patient diagnosis times.
Looking at the system as a whole, we have identified areas for improvement which
can be used for future resourcing and will have system-wide impact.
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Figure 1: Sankey flow diagram depicting the various routes through cancer diagnosis pathways taken by
patients. Purple blocks show investigations in the pathways; their height represents the number of
patients requiring that investigation. Coloured ribbons show routes taken by patients with different
suspected cancer types; the width of the lines represents the number of patients.
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Figure 2: Results from 25 optimisation runs showing the capacity of patients needing to be seen for each
investigation in a working week. Each grey line represents a solution which results in the RFL meeting its
target for patient diagnosis. Highlighted are two runs to show the spread in results and the importance of
optimising all investigations simultaneously. By lowering capacity in one investigation, capacity must be
increased elsewhere to meet targets. The red stars show the current working capacity at the RFL.
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Sensitivity Analysis for Gamma Index
Calculations in Dosimetry Audits for
Advanced Radiotherapy

Padmini Krishnadas'", Nadia Smith?, Mohammed Hussein*
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Measurement pipelines are becoming increasingly complex with
technological advancements, making it harder to establish sources of
variability in measurements and understand if they stem from true
differences in the measurands or in the measurement pipelines themselves.
Radiotherapy dosimetry audits [Hussein (2017)] are carried out by NPL to
independently validate radiotherapy technique implementations in the
clinic. The audits make use of anthropomorphic tissue-mimicking
phantoms embedded with passive 2D detectors. By sending the phantom
through the typical patient treatment pathway it is possible to
metrologically verify the agreement between the radiation dose deposited in
the phantom and that expected by the clinic. The gamma index calculation
is a widely accepted metric used for the comparison of the measured and
predicted dose. Various steps in the analysis approach can introduce
variation in the output that requires quantification to get accurate results.
The in-house Versatile Independent Gamma Analysis (VIGO) software
[Hussein (2017)] was designed at NPL to provide standardised gamma
index computation for complex radiotherapy audits. In this work, we
perform a sensitivity analysis to better understand the sensitivity of gamma
index calculations in VIGO with respect to factors that each vary in a
defined interval.

We planned an experimental design and employed an Analysis of Variance
(ANOVA) to perform sensitivity analyses that calculates the Type 111 Sum
of Squares [Raphael (2021)] for factors involved in gamma index
calculation. This indicates the relative sensitivity of measurements to
changes in the pipeline factors in the experiment. The factors included were
the calibrated shape and size, reference shapes and sizes of regions of
interest, the calibrated offset dose and position along the axis. Figure 1 is a
pie chart illustrating the Pearson coefficients for main interactions of the
factors that had significant influence over the output measurements (>
0.999 %) for a global gamma index measured with 5 % as the dose
difference criterion and using 2 mm as the distance difference criterion,
calculated in an area enclosed by 50 % of the prescription isodose. It was
found that the factor introducing most variation was the calibrated shape.
We split the data based on this factor and subject the resulting data frames
to sensitivity analyses. Figure 2 is a comparison bar plot representing
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Pearson coefficients for main interactions after the dataset was split based
on the calibrated shape, with measurements obtained under the same
constraints. We observed the variation caused by higher order interactions
was significantly larger when using a circle calibration as opposed to a
square calibration and that the calibrated shape and the calibrated size of
the region of interest significantly contribute to variations in the output
measurements.
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Figure 1: Pie chart representing
Pearson Coefficients of the factors
when using parameter 5 % /2 mm
to calculate global gamma index.

Figure 2: Comparison bar plots
representing Pearson Coefficients of
the factors when using parameter 5 %
/ 2 mm to calculate global gamma
index with the calibrated shape of
region of interest set to square and
circle respectively.
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Bridging the Gap between Design and Metrology
using Statistical Tolerance Analysis

Mattia Maltauro?, Roberto Meneghello! and Gianmaria Concheri?
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1. Introduction

Design and metrology departments are not always properly linked in the industrial
context. In the conceptual framework of design for metrology [Morse (2019)], three
items can be defined: design for metrology, design using metrology (metrology
feedback), and metrology for manufacturing. This contribution falls within the idea
of design using metrology. For designers is often difficult to understand the
functional impact of metrological inspection, also because metrological reports are
created without functionality in mind. In the framework depicted in [Maltauro,
Meneghello, and Concheri (2023)] the design department provides the quality
control department with the functional geometric specification, and the latter defines
and performs an inspection based on this specification, giving back the
measurement. To ease the designers’ understanding of the measurement report, we
propose a framework in which, through statistical tolerance stack-up analysis, the
functional impact of each measurand can be determined. This information is used to
create a custom inspection report showing only the critical quantities, from a
functional point of view, and in a function-based order.

2. Implementations

A statistical tolerance analysis can be performed based on the functional geometric
specification defined by the design department. For the present work the software
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CETOLG6sigma from Sigmetrix is used. The statistical core of this software is
explained in [Cox (1986)]. Each functional requirement, at the assembly level, is
translated into a critical dimension, i.e., a gap to be controlled. The critical
dimension is statistically computed based on the admissible variability defined by
the tolerances at the components level. The results are the statistical distributions of
the critical dimension and the contribution factors showing the impact of each
geometric tolerance on functionality: the higher the contribution the more the
deviation of the geometric feature will degrade the performance. The contribution is
defined as the impact of each tolerance on the variability (standard deviation) of the
functional output.

A part, pertaining to the assembly, can be inspected based on the functional
geometric specification obtaining the actual deviations for the features controlled by
the tolerances. Parts from a simple assembly are 3D scanned with ATOS 5 and
inspected with GOM Inspect. The inspection is exported in xml format.

A correlation core is programmed in phyton reading the CETOL source file and the
GOM Inspect output file. Congruent features in the two files are paired together and
the information regarding the contribution, tolerances and deviations is collected.
Based on a specific functional requirement it is possible to generate specific
customized measurement reports where the information is displayed in order of
contribution. Further filtering is even possible, as displaying only out-of-tolerance
measurands, or measurands with a contribution higher that a predefined percentage.
A specific report is generated per each part and functional requirement combination.

3. Conclusions

The proposed framework tries to link together two departments whose
communication may be difficult. The bonding is given by statistical tolerance
analysis that can assign each tolerance, and therefore measurand, a contribution to
the quality of the assembly. This information is used to filter and rank the
measurand that are displayed in the inspection report resulting in a clean and
effective measurement report that can be easily understood by designers.
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T2 or not T2? A new tool for consistent
processing of gqMRI parameters.
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Magnetic Resonance Imaging (MRI) is an important medical imaging
modality. Despite its utility, there are issues relating to consistency of MR images —
specifically, comparing images from different scanners or at different times is
problematic [Seiberlich 2020]. Traditional clinical MRI employs only relative
contrast — one tissue region may be brighter or darker than another, but the contrast
is not intrinsically meaningful or quantitative. This means the comparison of
different images of different subjects is not straightforward. To counter this,
quantitative MRI (gMRI) techniques can be used, which define physical and
quantitative properties of the tissue. Quantitative measurements are far more
reproducible than relative contrast and enable the performance of different scanners
to be analysed and benchmarked.

In this work, we apply gMRI techniques to sets of phantom MRI data by
creating qMRI Consistent Processing (QCP) tools. The work has been done as part
of a project which aims to develop test objects, procedures, analysis tools, and best
practice guidance for various qMRI techniques [iMet-MRI 2023]. The tools provide
a homogeneous gMRI measurand estimation process, by applying the same
equations and methods to any set of input images. Here, we outline the development
and testing of our new QCP tool used to measure T2 (transverse relaxation time)
parameters from MRI data. T2 is a standard gqMRI measurand, which is different to
clinical T2-weighted imaging because we find the T2 value for each voxel.

Our Python tool is designed to extract T2 DICOM MRI data and a semi-
automatic region detection algorithm is employed to find the regions of interest
(ROIs) at the first echo time point. The T2 value for each pixel in each ROI is
estimated using a fitting method from [Raya 2009] taking into account the noise
distribution of the measured signal intensity (Eqn. 1).

2
T 5, —te
§ = Ecz (1 +2a)1p(a) + 2a I (a)), a= (ﬁ e Tz ) (1)
Key: S: image pixel intensity (in arbitrary units); t.: echo time (time since initial excitation pulse); T,: T,
decay constant; Sy: Initial pixel magnitude; C: noise parameter for Rician model (equivalent to std dev); lo
and I;: exponentially scaled modified Bessel functions of order 0 and 1, resp. [Jackson 2022].
The overall T2 value for each ROI is then calculated as the mean of the

pixel T2 values from each ROI. An example of this is shown in Figure 1.
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To test the QCP tool, we used data from four test centres to calculate and
compare T2 parameters. These centres also each used distinct T2 calculating
algorithms on their respective datasets, which we include for comparison with our
own fitting results. All T2 values are shown in Table 1.

The alignment between the QCP calculated results and the site calculated
results provides evidence that the QCP algorithm is a suitable tool for aiding the
standardisation of qMRI parameters. Future work will extend this tool to other
gMRI techniques, such as T1 mapping (longitudinal relaxation time) and proton
density fat fraction. The standardisation of gMRI calculations has significant
potential advantages for the gMRI field, including in analysis and comparison of
studies, clinical trials, and the use of Artificial Intelligence in healthcare.

Figure 1 : Demonstration of the QCP algorithm with example data and T2 parameter fitting. First, MRI
images are loaded from the directory (a). Then, the bounded regions are found (b). Then T2 parameters
are calculated for each pixel in each ROI (c). Then, the mean of those T2 values is calculated per ROl and
stored for comparison.

Table 1: Comparison between centre calculated T2 parameters and QCP calculated T2 parameters on
each site’s respective dataset. Numbers following + are an expanded uncertainty corresponding to a
coverage probability of 95%. The expected T2 value for these vials was 387 ms.

Site Site T2 (ms) QCP T2 (ms)
Azienda Ospedaliero Universitaria Careggi 392 397.2+10.6
(AOUC), Italy

Belfast Health and Social Care Trust 505 516.2422.5
Hospitals (HSC), Ireland

University College London (UCL), UK 232 228.919.4
University Hospitals Bristol and Weston 435.1 430.41+22.8

NHS Foundation Trust (UHBW), UK
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Electric Properties Tomography of a
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Magnetic resonance-based electric properties tomography (MR-EPT) is a quantita-
tive imaging technique that non-invasively estimates the electric property values
inside a human body [Leijsen (2021)]. Some early clinical applications of MR-
EPT have been presented in the literature and most of them rely on the MR-EPT
implementation called Helmholtz-EPT, in particular its phase-based approxima-
tion [Shin (2015), Kim (2016), Tha (2018, 2021)]. Helmholtz-EPT suffers a large
sensitivity to input noise and the presence of systematic errors at tissue boundaries.
Recognizing this issue, this contribution presents a repeatability and reproducibil-
ity uncertainty assessment in the electric conductivity of a homogeneous phantom
estimated by phase-based Helmholtz-EPT.

A homogeneous cylindrical phantom of a known solution of NaCl in distilled
water was acquired with a 3 T Ingenia TX scanner (Philips Healthcare, Best, The
Netherlands) with a body coil in transmission and a 32-channel head coil in recep-
tion using a steady-state free precession (SSFP) sequence with nominal flip-angle of
30° and isotropic resolution of 2 mm. The measured phase of the acquired complex-
valued image is a good estimate of the transceive phase from which the electric
conductivity is estimated. Repeatability conditions are obtained by acquiring 25
images with the phantom centered at the scanner isocenter. Reproducibility con-
ditions are obtained with 8 additional images acquired by moving the phantom at
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a distance of about 6 cm from the isocenter between the scans (see Fig. 1b). The
covariance matrices of the means of the phase and conductivity maps are evaluated
according to the James—Stein shrinkage estimator [Schifer (2005)] and the law of
propagation of uncertainty. The EPTIlib implementation of phase-based Helmholtz-
EPT [Arduino (2021)] and the code for uncertainty propagation published in [Ar-
duino (2020)] were used.

The conductivity maps estimated under repeatability conditions show spatial
noise, corresponding to a spatial dispersion of the estimated conductivity, larger
than the median standard uncertainty associated with each voxel. Hence, averaging
multiple repeated acquisitions does not correct for this, apparently random, spatial
noise. On the other hand, the conductivity maps estimated under reproducibility
conditions show that the repositioning of the phantom changes the distribution of
the repeatable noise, making it random from a practical point of view. Indeed, we
observed that the spatial dispersion of the conductivity values estimated under repro-
ducibility conditions is comparable with the median standard uncertainty associated
with each voxel (see Fig. 1).
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Determining radius and refractive index of

nanoparticles using machine learning
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1. Introduction

Extracellular vesicles (EVs) are nanoparticles released by the cells and are present in
all body fluids. EVs have the potential to be a biomarker to distinguish between
healthy and diseased individuals. EV measurements are generally performed using
flow cytometry, which measures the light scattering of particles. Mie theory [Mie
(1908)] determines how the particle will scatter light (i.e., the scattering pattern)
using given properties of the particle such as its radius and refractive index. In a
measurement setup the challenge is to solve the inverse problem, i.e., given the
scattering pattern determine the radius and refractive index of the particle that
generated it. Here we present preliminary results and future steps of an approach to
solve the inverse problem using convolutional neural network (CNN).

2. Solving the inverse problem using CNN

Machine learning algorithms are becoming popular in many application areas thanks
to the large availability of data and their fast computation times when making
predictions for new input data. In particular, CNN is the state of the art for image
processing without any competitor in terms of performance. CNNs find application
in many areas such as medical imaging [Kim(2022)] and autonomous driving
[Sonata(2020)]. Recently CNNs have been applied to characterize nanoparticles
using images obtained with optical microscopy [Midtvedt(2021)]. Here we follow a
similar approach for a flow cytometer setup.

2.1 Training of the CNN on synthetic data
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To train the CNN we first generate synthetic data using numerical simulations of the
forward problem in Mie theory (i.e., simulate the scattering pattern given the radius
and refractive index). Artificial noise is added to the generated images to simulate
the noise present in the measurement setup. For a good performance of the CNN on
experimental data, it is key to ensure that the data used in training are representative
of the experimental data.

2.2 Validation of the CNN

The CNN will be validated using reference particles. Scattering patterns of reference
particles obtained in the flow cytometer will be used to assess the similarity of the
synthetic data used for training with the experimental data, and to evaluate the
accuracy of the CNN predictions.

2.3 Uncertainty estimate associated to the CNN prediction

In order to use the CNN predictions as part of a traceable measurement procedure a
comprehensive measurement uncertainty should be calculated. Ensemble and
Bayesian methods [Gawlikowski (2021)] are considered for the uncertainty evaluation.
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1. Introduction

Virtual experiments (VES) in metrology are simulations of measurements in which
potential error sources are carefully addressed. They usually express the
measurement data as function of the measurand, in opposite of what the GUM
[GUM(2008)] requires as a measurement model. VES can give a greater
understanding of the measurement, and potentially help with the calculation of the
best estimate of the measurand and its uncertainty, cf. [Wibbeler(2022)] for the case
of linear models.

Recently, the European research project ‘Trustworthy virtual experiments and
digital twins’ (VIDIiT) [ViDiT(2023)] has been granted. In this project several
challenges related to VEs will be investigated. In this contribution some of these
challenges will be presented on the basis of the practical applications of a coordinate
measurement machine (CMM) [Kok(2022)] and a coherent Fourier scatterometer
(CFS) [Kumar(2014)] and their virtual counterparts (VCMM, VCFS).

2. Uncertainty evaluation

In the case of a CMM often the measured coordinates are plugged into the VCMM
and a Monte Carlo method is employed. From a simulation point of view, this
procedure results in adding noise to measurement data that already reflects random
effects associated with the measurement system, which is statistically incorrect.
More importantly, if the model is strongly non-linear, the calculated uncertainty can
strongly vary with the input data, as shown in [Kok(2022)]. As an alternative, a
Bayesian approach can be used.
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In CFS the measurement data consists of an image and the geometrical
parameters of the measured sample need to be reconstructed by the inversion of (a
simplified version of) the VE. The fit result is never perfect, as the measurement
contains measurement noise and as the VE, and a fortiori a simplified model, is not a
completely faithful representation of the physical reality. Inversion can be done with
respect to different norms or by taking a Bayesian approach, and this also affects the
calculated uncertainty.

In this talk we will give more details on the challenges encountered for these
applications, and present the planned work in ViDIiT with the goal of defining an
uncertainty evaluation method that is in line with the GUM [GUM(2008)].

3. Validation

For VCMMs there exists a validation method that consists of calibrating all
individual error sources of the real CMM, plugging the resulting relevant parameters
as uncertainty sources in the VCMM, and performing validation measurements on
reference artefacts. This is very labour intensive. In ViDIiT we will investigate if
alternative approaches, e.g., based on repeated measurements, can alleviate this
burdensome calibration. We will also study the existing validation approaches in the
light of the GUM.

For CFS an important aspect of validation is the definition of an analysis method
based on a simplified version of the VE that allows inversion within reasonable
time. We will show various possible simplifications. In ViDiT guidance will be
developed for such type of problems.
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Abstract

Researchers study the properties of polymeric membranes - an important building block of
batteries — by first measuring its impedance spectra and then determining a so called
equivalent electronic circuit (EEC), that is an electronic circuit that approximately reproduces
these measurements. Determining EEC is not completely automatized since it includes the
search for the topology of the electronic circuit. This search is an inverse problem, since the
formulas for determining the impedance spectra given the circuit topology and parameters are
known while there are no formulas for the invers direction. To solve this invers problem, the
original problem is split into two parts. The first part is to determine the topology of the
circuit and the second part is to determine the parameters of the circuit. For the first part a
Convolutional Neural Network Classifier is trained on a simulated data set, where the
simulator is an implementation of the formulas for determining the impedance spectra given
the complete description of the electronic circuit. After the topology is determined, the
parameters of the electronic circuit are found by minimizing the error between the observed
spectra and the spectra corresponding to these parameters. This minimization is a global
optimization.
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1. Introduction

Low-cost sensors and in particular MEMS (Micro-Electro-Mechanical Systems)
devices are widely used in many applications, including consumer electronics,
healthcare, automotive, and industrial automation. Their production, which is
typically in the order of millions per week in a single factory, involves the calibration
of these devices on a large scale which can be costly and time-consuming. This is a
significant challenge for manufacturers who need to guarantee the required
traceability to SI. To address these challenges, as also requested by the Consultative
Committee for Acoustics, Ultrasound, and Vibration of BIPM [1], a solution can be
found in the use of statistical process control techniques [2]. Based on probabilistic
models that take into account prior knowledge and uncertainties, Bayesian
approaches can be very useful for “statistically calibrating” large batches of sensors.
In this paper, a Bayesian method is investigated and proposed in this respect: it
implies experimentally calibrating a sample of sensors from an unknown batch of
larger dimension and using them to estimate the true number of reliable sensors in
the whole batch, process that can be considered as a “statistical calibration” of the
batch. The advantage of this statistical approach is that it allows for the incorporation
of the prior knowledge coming from the calibration of a golden batch representative
of the whole production process. This method allows for the calibration of large
batch sensors by reducing the number of actual experimental calibrations.
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2. The proposed method in brief

The first step of the proposed method consists in the usual calibration in the
laboratory of a golden batch of N sensors, representative of the production process:
each sensor is provided with an estimate of its sensitivity S and the associated
uncertainty. Using a mixture distribution model to account for the calibration
uncertainties of the individual sensors, the overall distribution of the sensitivities of
the golden batch is modelled. By setting a bearable probability (peer) of finding out-
of-tolerance sensors in the golden batch, the mixture distribution is used to find the
minimum and maximum sensitivity limits, Smin and Smax respectively, encompassing
the 1-pqer fraction of acceptable sensors. Hence, the expected number of out-of-
tolerance sensors in the golden batch is Cgoiq = peer N . For other/future unknown
batches of the same kind of sensors, only a sample of n < N devices from each batch
is required to be experimentally calibrated, hence reducing time and cost efforts. The
calibrated devices are checked whether their sensitivity is within or outside the out-
of-tolerance limits: k indicates that number. The statistical calibration of the whole
batch of N sensors is then based on the following Bayesian model. Assuming that the
expected number of out-of-tolerance sensors in the unknown batch is equal to that in
the golden batch, a binomial prior distribution Pprior(Cunknown; N, Pder) IS used to model
the number of Cunknown defective sensors in the unknown batch. This prior (assuming
that experimental calibration and manufacturing process do not change from batch to
batch) models the state of knowledge of a typical batch from that production.
Multiplying the prior by a likelihood function Piikerinood(K; N, Cunknown, N) defined as a
hypergeometric distribution with n sensors, k of which are defective, drawn from the
unknown batch of N sensors, Cunknown OF Which are defective, yields an un-normalized
posterior Ppostun(Cunknown; K, N, N, pder) for Cunknown OUt-Of-tolerance sensors in the
unknown batch. Normalizing this distribution leads to a probability mass function for
the number Cunknown O out-of-tolerance pieces in the unknown batch, provided that k
out-of-tolerance devices were found in the small calibrated sub-batch. At this point,
it is possible to define different metrics based on the posterior cumulative probability
function that can provide an assessment of the reliability and quality of the whole
unknown batch.
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1. Introduction

Complex engineering and technological processes typically generate data with a
non-trivial hierarchical structure which make the experimental planning challenging.
However, when preliminary data are available, the relevance of the information
gained through a preliminary data analysis may be verified through the building of a
pilot design. Therefore, the pilot design results allow to verify the validity of the
experimental planning, and to help to define the most suitable statistical model. This
point is particularly important when considering the optimal design framework,
given the model-dependent nature of optimal designs. In this talk we propose a full
procedure for the design and analysis of experiments in complex engineering and
technological processes; the talk is entirely based on a recently published paper of
Berni et al. (2022). The proposal is applied to a real case-study aiming to optimize
the payload distribution of freight trains, thus making it possible to minimize the in-
train forces to avoid freight trains derailment and/or disruption. The suggested
procedure also allows to achieve the best train configuration for minimizing the in-
train forces.

2. Brief description of the full procedure

The proposed full procedure consists of four main steps, as also detailed in Berni et
al. (2022). First, we consider (Step #1): (i) the statistical analysis of preliminary
data, and (ii) the building of a pilot design, both of which allow for efficiently
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planning and validating the experimental design. Step #2 consists of performing the
experimental runs of the pilot design, and following, the estimation of suitable
statistical models is checked through diagnostic measures; this step#2 makes it
possible to establish the most suitable statistical model for building the optimal
design. In Step #3 we consider the D-optimality design criterion, and a genetic
algorithm (GA), opportunely adapted, for obtaining a hierarchical optimal design.
The proposed full procedure includes the experimental planning at several
hierarchical levels for obtaining the hierarchical D-optimal design. In doing so, one
of the main key-points is the presence of several types of experimental factors; more
precisely, we deal with nested, branching and shared factors, as well as with a new
type of factor, which we call composite-form-factor. Lastly, Step #4 relates to the
achievement of best configurations for the problem under study according to the
target values of several response variables.

3. Main results for the case-study

According to the full procedure outlined (Section 2), we begin with the analysis of
existing data containing information about a large number of trains, used for
building the pilot design. Once the pilot design runs are performed, suitable linear
mixed-effect models are estimated and checked with diagnostic measures. The
satisfactory results obtained confirm the validity of the experimental planning. More
specifically, we consider the following three hierarchical levels: i) level-1 related to
the entire train, ii) level-2 related to two consecutive wagons, and iii) level-3 related
to each individual wagon. Following, we build the D-optimal hierarchical design
through a GA,; the true values of compressive and tensile forces are simulated
through the TrainDy software [Cantone (2011)]. In our setting, we select the GA by
specifically considering the non-trivial hierarchical structure, and the types of
experimental factors defined (e.g. the composite-form factor); for further details
refer to Berni et al. (2022). Two linear mixed-effect models are estimated, one for
each response variable (e.g., compressive forces at 10m, tensile forces at 2m); the
model results are good enough. The final step #4 corresponds to finding the best
train configuration, by considering the experimental factors and variables involved,
and allowing to avoid the risk of derailment and disruption. To this end, the two
response variables are minimized taking the roles of both forces into account, also
considering the target values. The minimization of the defined objective function
achieves good performances for the global scenarios, also considering the
simultaneous minimization of both responses. The results are very satisfactory and
confirm that our full procedure represents a valid method to be successfully applied
for solving similar technological problems.
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Electric Properties Tomography (EPT) is a quantitative imaging technique
performed starting from data acquired during a Magnetic Resonance Imaging (MRI)
exam [Leijsen (2021)]. EPT aims at measuring, in each voxel/pixel of the
tomographic image, the electric conductivity and, when possible, also the dielectric
permittivity of the scanned biological tissues, to be used as objective biomarkers.

In recent years, a plethora of EPT methods were proposed, but the creation of
reliable EPT images is still challenging. Typical problems in EPT are represented by
the amplification of the input measurement noise and the presence of image artifacts
at the boundary between different tissues. To overcome these issues, here we
propose an EPT approach based on Green’s integral identity. The starting point is
the complex Helmholtz equation describing the propagation of the B* component of
the magnetic flux density (which rotates with angular frequency ®) through a body
with conductivity ¢ and permittivity € (that may change from point to point):

V’B* = jop,(c+ joe) B (1)

where j is the imaginary unit and L is the magnetic permeability of vacuum.
If the right-hand side of (1) were a known term, we would have a Poisson
equation, whose solution, exploiting Green’s integral identity, would take the form:
. dB* . d¥ . ) .
B*(P)= 9559[\{13‘3 E}ds+]0)uojg(c+]0)8)3 Ydv  (2)

where P is a generic point within a region Q surrounded by a surface 0Q (oriented
according to an outward normal direction n) and ¥ is the Green function for 3D
elliptic problems [Morse (1953)].
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During MRI, the spatial distribution of B* can be sampled in a regular grid of Ny
voxels. If we assume that each i-th voxel is homogeneous, (2) can be rewritten as

+ dB* + d¥ . & . +
B (P):@Q{\P an -B in S+J®”02(G+/°)8)JQ‘B Ydv 3)

i=1

In a general case, (3) is a complex equation involving Ny complex unknowns (the
complex conductivities o + joe of the Ny voxels). By placing the reference point P at
the barycentre of each voxel in turn, a system of Ny independent equations is
obtained, from which the conductivity and permittivity can be calculated.

The proposed formulation has been specifically conceived to model
heterogeneous regions (including discontinuities in the spatial distribution of the
target parameters), avoiding image artifacts at the boundary between different
tissues. Moreover, the use of the integrals in the right-hand side of (3) introduces a
spontaneous compensation of the noise that affects the B* values used in the integrals
themselves. Thus, the size of the region Q in which the EPT formulation is applied
must be chosen as a trade-off between the computational burden (the larger Ny, the
bigger the algebraic system to solve) and the need for noise mitigation.

A residual issue resides in the noise that affects the reference value B*(P) in each
equation of the system. To make the procedure more robust with respect to it, the
unknowns in (3) can be grouped based on the tissue they belong to. This can be done
exploiting the contrast image produced by the traditional MRI exam, which allows
differentiating the different tissues in the scanned region. In this case, the number of
unknowns becomes lower than Ny and the application of (3) produces a rectangular
system of equations, which can be solved in the least-square sense.

If the magnitude of B" is quite homogeneous (a common condition in clinical
MRI scanners), it can be shown that a phase-based version of the proposed
formulation holds, which allows calculating the conductivity ¢ from the knowledge
of the phase of B* only, hence simplifying the acquisition stage.

At the conference, the performances of the proposed method will be illustrated
and compared to those of other state-of-the-art EPT techniques.

Acknowledgements. The results here presented have been developed in the
framework of the EMPIR Project 18HLTO05 QUIERO. This project 18HLTOS5
QUIERO has received funding from the EMPIR programme co-financed by the
Participating States and from the European Union’s Horizon 2020 research and
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Connecting effective behavioural models to high-dimensional experimental data
is one of the most important challenges in neuroscience. In this work, we show how
a link can be inferred between intracortical neural recordings performed during a
simple decision task and the ramping variable postulated by a threshold decision
model exploiting an artificial neural network (ANN).

We recorded the multi-unit activity (MUA) from a 96-channel array in the dorsal
premotor cortex of two monkeys performing a countermanding reaching task that
requires, in a subset of trials, to cancel the planned movement before its onset [2].
We trained a WaveNet-inspired and a multilayer perceptron causal ANN architec-
ture to map this complex data to an accumulation process as derived from theoretical
models.
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Our results show that neural recordings can be, to a large extent, mapped at the
single trial level to a ramping process, whose angular coefficient is tied to the in-
verse of the movement reaction time (RT). From the predicted ramp it is possible to
perform an early estimation of the RT and the outcome of a stop signal presented in
a subset of trials with a good level of accuracy. Moreover, the network generalises
nicely when tested on sessions having large temporal gaps with the ones used for
training (generalisation through time).

We then applied explainability techniques (xAl) to our network to extract insights
into the information hidden in the input data [4]. By combining already established
xAl algorithms based on Gradient methods and a newly proposed XAl method, that
we call “functional explainability”, we show how, by perturbing the output function
in principled ways, we obtain different spatiotemporal patterns of “saliency” in the
input. Notably, our results suggest that the information used to build the ramps (so
the decision process and consequently the RT) can be found very early after, if not
before, the instruction to initiate the movement (go signal)

We also employed methods of training influence (Tracln) to find the training
examples most relevant for a given prediction [3]. The results confirm that the per-
formance of the network on a given test trial is positively influenced by training
examples recorded weeks and even months before or after it. Furthermore, when
the network is trained on data from two monkeys, TracIn highlights a substantial
inter-subject influence, thus hinting at a partial shared representation of the hypoth-
esised ramping process at the neuronal level.

Influence functions are known to sometimes be biased by “global explanations”
[1] that are training examples that have a large impact on the training procedure
without being directly linkable to any relevant property of other elements present
in the dataset. We found that this holds also for our methods, where a few trials are
reported as highly influential for the vast majority of the tested data.

Such training examples are usually distinguished by a high “self influence”,
meaning that they are very important for learning themselves. This is typically
seen in noisy, affected by artefacts, mislabeled, or otherwise unique elements of
the dataset.

The correct identification of these data points is twofold useful. First, it is pos-
sible to clean the dataset, removing the inconsistent data and reducing the noise in
the training set. This may lead to better performances during successive retraining
of the network. Secondly, these examples may be linked to anomalous recordings
of the signal or to a deviation in the behaviour of the subject. This information can
be used by neurophysiologists to control or improve their experimental setting or to
find new interesting structures in the data.
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Fig.1 Scheme of the workflow: Combined registration of subject behaviour and neural recordings
in a trial. Subject behaviour is used to extract the parameter of the theoretical model. An ANN
is trained to map the recordings to the theoretical model. During inference, it is possible to find
the model parameters of unseen trials and from that predict the subject behaviour. Explainability
algorithms applied to the ANN prediction can be used to discover new structures in the data.
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1 Expression of quantities in decibel

When dealing with a power-related quantity, P, one is often interested in the ratio
Pyp of its value to a reference value Py rather than to its SI value. The quantity Pyg
is expressed in decibel (dB) as the decimal logarithmic ratio of P with respect to Py:

P

Ps = 10log,, 7 (1)
0

P = Py10%aB, )

Equations (1) and (2) can be considered as measurement models, whose measur-
ands Pyp and P are function of the input quantities P and Pyp, respectively (P is a
constant).

2 Estimate and uncertainty

The JCGM 100 [1] approach to uncertainty evaluation is based essentially on Gauss’
law of propagation of variances, normally implying the linearisation of the mea-
surement model around the estimates of the input quantities. It is acknowledged
that non-linearities sufficiently strong in neighborhoods of the input estimates com-
parable with the magnitudes of the associated standard uncertainties might affect
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the evaluated uncertainty. What is not acknowledged is that non-linearities (as well
as asymmetrically distributed input values) can also bias the measurand estimate.
JCGM 101 [2] automatically takes these effects into account by assigning state-of-
knowledge probability distributions for the input quantities and propagating them
through the measurement model to produce a probability distribution for the possi-
ble values of the measurand. JCGM 100, on the contrary, does not explicitly discuss
this topic, and only considers a correction to the measurand estimate in an example
given in an Annex (see [1], F.2.4.4). Thus, in general, both the estimates and the
standard uncertainties provided by [1] differ from those of [2], the latter document
being considered as the gold standard.

The strong non-linearity of models (1) and (2) suggests that the JCGM 100 ap-
proach might be inadequate.

Indeed, in GUM-6 [3] it is written “...it is not recommended to perform uncer-
tainty calculations using logarithmic quantities in, for example, decibel. Logarith-
mic quantities should be converted to the equivalent linear format before performing
uncertainty calculations” (JCGM-GUMS6).

When Py has a normal distibution, P has a lognormal one. This assumption
appears reasonable when considering the structure of a typical acoustic or radio-
frequency power measurement. The signal is given by a number of devices in cas-
cade (transducers, amplifiers, filters, detectors ... ), each one characterised by a sig-
nal gain with an uncertainty. When the signal is expressed in dB, all device gains
sum up with the original signal power; in the linear domain, instead, gains are mul-
tiplied. It is therefore reasonable that for dB quantities the additive central limit
theorem can be applied, and for linear quantities the multiplicative one, resulting in
normal and log-normal distributions of the quantity value respectively.

The talk will discuss exact conversion formulae for the distribution parameters,
the mean and the standard deviation of power quantities, from the linear to dB rep-
resentation to the linear one and vice versa, highlighting the bias introduced by the
JCGM 100 approach.
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1 Introduction

A key task in statistics is to describe the dependency structure between random
variables. However, such descriptions are often influenced by non-linear transfor-
mations of the considered variates. For instance, consider the chemical concentra-
tions c1, ¢ of two substances. To find the dependency between both concentrations,
given some measurements of both variates, one might compute their Pearson cor-
relation. However, it could be argued that the log-concentration logcy, logc; is a
more natural quantity, as it often tends to be normally distributed. In general, there
is no obvious relation between the Pearson correlation of the concentrations and the
correlation of the log-concentrations which then poses the question which of the
correlations is more the “correct” description of dependency.

The copula distribution is a powerful statistical tool to overcome such issues. By
separating the joint distribution of random variables from their marginals it allows
for a description of the dependence structure that is freed of arbitrary or mislead-
ing scalings and transformations. The key idea behind copulas is based on Sklar’s
theorem [Sklar(1959)] that states that the cumulative distribution function (cdf) of
a multivariate random variable can be written as a composition of the cdfs of the
marginals with the cdf C of a multivariate random variable with uniform marginals.
C is known as the copula and the according distribution as the copula distribution. In
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this talk we present a way to sample from the copula distribution using a Wasserstein
Generative Adversarial Network (WGAN), a generative model from deep learning.

2 Method and results

Only for a few distributions the copula distribution is explicitly known [Nelsen(2017)].
When modelling the copula of a multivariate distribution often additional assump-
tions have to be made about the underlying structure [Ling(2022)]. Using a gen-
erative model, such as a WGAN [Gulrajani(2017)], to learn the distribution in a
non-parametric fashion avoids such restrictions. However, we observe that the naive
learning of such a model on the copula distribution leads to an unstable behavior.
In fact, for a long part of the training time the samples of the trained WGAN only
partially cover the support the underlying copula distribution. To fix this issue we
propose a new model, which we call CopWGAN, whose loss function is enhanced
by the addition of a regularization term

n
Feopwoan = Luvan + 1+ Y Wi(I;Unif(0,1), M)
i=1
that measures the Wasserstein- 1-distance between the marginals I"? of the learned
WGAN distribution and the uniform distribution. This term substantially enhances
the training performance and leads to a good description of the dependency structure
by our trained model, cf. Figure 1. We study our method along various multivarariate
datasets and use different metrics to compare our results to competing approaches.
We observed throughout all datasets that our CopWGAN approach performed com-
parable or better than other methods with respect to the considered metrics.
This talk is based on the preprint [Martin(2023)], that is currently under review.

Fig. 1 Correlations of pairs

of variates from the california 0-501
housing dataset [Pace(1997)]
in copula space for different
methods according to the data
(x-axis) and trained genera-
tive models (y-axis). Different ~0501
generative models are de-
picted in different colors. Our
method (CopWGAN) is de- -1.001
picted in red. The diagonal is —1.o0 ~0.5 0.0 05 10
shown as a dashed line. Ps In data space
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From “Wich” to “Why”’: Interpretation map for
Explainable Deep Learning based on Influence
methods
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Abstract

In recent years, thanks to improved computational power and the collection of a
multitude of data, Al has become a fundamental tool in both basic research and in-
dustry. Despite this very rapid development, Al, in particular deep neural networks,
remains black boxes that are difficult to explain. This is a major limitation in the
application of these algorithms in sensitive fields such as clinical diagnosis, where
the robustness, transparency and reliability of the algorithm are indispensable for its
use. In tasks involving the study of images, especially their classification, a multi-
tude of xAI methods have been developed. However, in the medical field, saliency
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map techniques without quantitative evaluation of the goodness of explanation are
often used [Singh et al., 2020].

A very interesting class of xAl techniques is based on approximating the influ-
ence a train example has on the predictions made by the model. Theoretically, this
influence should be calculated as the difference between the score of network trained
without the example of interest, and the score of the network trained on the entire
dataset. While from a conceptual point of view, influence is a simple thing to un-
derstand, from a computational point of view it quickly becomes unmanageable and
necessarily requires approximations. Often, such approximations use the Hessian of
the loss function with respect to the network parameters, but this is not always easy
to calculate. Indeed, we rarely find ourselves at the end of a training cycle in an
absolute minimum of the landscape, but often in a local minimum, which does not
ensure that the Hessian matrix is defined as positive. There are methods where the
approximation of the influence only involves the first derivatives of the loss func-
tion, one of the most promising being known as TracIn [Pruthi et al., 2020]. This
method was originally presented on classification tasks but is fully generalisable to
different tasks and architectures.

The aim of this work is to implement this XAl technique in a specific clinical
problem, the segmentation of tumour brains in MRI, and also to provide information
regarding the interpretation and robustness of the algorithm. Influencing methods
are very powerful tools and seemingly easy to interpret by expert and non-expert
users. However, when the task becomes difficult to solve, it can become complicated
to interpret the results of the explanation. In the case of segmentation, this problem is
even more pronounced as the influence is an average over all pixels of the predicted
image, thus it is the collective behaviour of many classifications viewed in unison.

Algorithms such as TracIn answer the question “what is the train example that
positively or negatively influenced the specific prediction?”, but they do not give
any information as to “why” that particular example influenced the prediction, i.e.
on the basis of which features the choice is made. Our proposal is to calculate the
influence only on areas that the network predicts with less certainty. To do this we
need to calibrate [Guo et al., 2017] the neural network in such a way that we can
interpret the output of the neural network as the probability of the prediction, in
this way we reduce the number of features related to the influence metric. Then we
would like to find a similarity metric to answer the question “which train example,
had a positive influence on the prediction made by the model and why?”. In fact, we
expect that examples that have a positive influence also have features in common
with the prediction. However, the individual features used by the neural network to
complete the task are usually of little interest to the end user, as these are difficult for
humans to interpret. The idea is therefore to use a modality importance technique
[Jin et al., 2021] to extract which acquisition channel played a more important role
in prediction. Based on this, a similarity metric between train examples and model
predictions is constructed. This algorithm then needs to prove robust against dif-
ferent network architectures, so it is tested on different models to ensure that the
explanation does not depend on them.
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Subjective vs objective assembly complexity
assessment: a comparative study in a Human-
Robot Collaboration framework
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Extended Abstract

The impact of manufacturing complexity on company performance can be significant,
affecting productivity, efficiency, affordability, and quality if not managed correctly.
Assessing and managing manufacturing complexity is a multifaceted task that
involves both objective and subjective features, such as product complexity, assembly
sequence, operator factors, and operation/management strategies. This study proposes
a structured methodology to assess the perceived complexity of human-robot
collaboration assembly processes. The methodology is based on 16 assembly
complexity criteria and a multi-expert decision-making method for evaluation.
Operators assign importance scores and agreement levels to each criterion using a
five-level ordinal scale, and the linguistic data is processed using the Multi-Expert
Multi-Criteria Decision Making (ME-MCDM) method [Yager(1993)]. This approach
combines linguistic information provided for non-equally important criteria using
maximum, minimum, and negation operators to obtain an overall synthetic linguistic
value of perceived complexity using fuzzy logic. The proposed approach provides an
assessment of perceived complexity at both individual and overall levels, aggregating
all individual complexity assessments by the operator Ordered Weighted Average
(OWA) [Yager(1993); Filev(1994)].
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The proposed approach for assessing perceived complexity of assembly is
compared with a purely objective assessment method, firstly proposed by Sinha et al.
[Sinha(2012)]. This model was validated in various studies, and its effectiveness in
quantifying the complexity of industrial products was demonstrated [Verna(2022)]. It
is based on the molecular orbital theory and is applied to the engineering domain to
analyse the complexity of cyber-physical systems. The model represents a cyber-
physical system as several connected components where each component can be
thought of as an atom, and the interfaces between them as inter-atomic interactions or
chemical bonds. The complexity of the assembly is defined as the combination of
three complexity components: handling complexity (C;), connections complexity
(C,), and topological complexity (Cs), as follows C = C; + C, - C5. This objective
model, based on structural characteristics of the assembly process, was used as a
reference model for the subjective complexity model.

The comparison between subjective and objective assessment of complexity was
performed in a real-world production environment, using a human-robot collaboration
process for manufacturing custom electronic boards with different levels of
complexity. The results showed a significant correlation between individual perceived
complexity and objective complexity, indicating that the proposed perceived
complexity model can be linked to the objective model. As structural complexity
increases, higher levels of individual perceived complexity become more likely, but
the variability in perceived complexity varies with structural complexity. These
findings suggest that individual operator ability and cognitive factors, such as training,
knowledge, and cultural and organisational factors, play a role in perceived
complexity and require further investigation. The study also suggests that using
perceived complexity to assess assembly complexity is suitable for low- and medium-
complexity products, but not for high-complexity products, where objective
complexity models may be more appropriate, since after a certain point operators do
not distinguish between different levels of complexity.

The proposed methodology and data analysis approach offer a new perspective on
assessing perceived complexity, relying solely on synthesis operators and statistical
tools suitable for categorical data. Engineers can use the study's results to minimise
perceived complexity and ensure alignment between perceived and objective
complexity.
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How do asymmetric measurement distributions
affect risks in conformity assessment?
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1. Introduction

Product conformity assessment is vital for a wide range of manufacturing, health
and regulatory activities. For example, the nutritional composition of foods, levels of
environmental contaminants in surface waters, the dosage of active ingredients in
pharmaceuticals, the levels of biological indicators in clinical patients, thermal yield
of fuels, and the geometric characteristics of engineered parts, all rely on
measurement results falling within defined tolerances. As with all measured values,
the results have associated uncertainties, which must be taken into account by
accredited testing laboratories [1]. A number of guides and standards have been
developed to assist laboratories in setting suitable decision criteria that take due
account of measurement uncertainty (see, for example, references [2-6]).

An important consideration in setting decision rules is the control of so-called
producer and consumer risks — respectively, the probabilities of falsely rejecting or
falsely accepting a test item. Typical guidance provides for low risks to both parties.
Detailed guidance on the calculation of producer and consumer risks has been
published by JCGM [7], and simpler explanations have been included in guidance
for testing laboratories [2,5].

Conformity assessment documentation often assumes normal, or at least
symmetric, distributions for both the production process and the measurement
process. In addition, measurement uncertainty is often assumed to be close to
constant across the range of interest, an assumption that leads to simple symmetric
‘guard bands’ for decision rules [2]. These are often reasonably safe assumptions
where product or other tolerances are narrow relative to the expected mean value
and where measurement uncertainties are small. Often, however, and particularly for
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natural processes or contaminant emission monitoring, the process can generate
material with a wide range of possible values, and measurement or sampling
challenges can lead to comparatively large uncertainties near control limits [8]. This
can require the use of asymmetric uncertainty intervals [5, 8] and corresponding
adjustments to decision rules. It then becomes more challenging to provide clear
guidance for laboratories on the choice and implementation of decision rules.

2. Allowing for asymmetry in conformity assessment guidance

This study examines the effect on producer and consumer risks of selected
departures from symmetry in the distribution of both process output and of
measurement results. The study uses a combination of numerical methods, including
numerical integration and simulation. The challenges of comparing and generalising
results across different distributional assumptions and scenarios will be discussed,
and results for a number of scenarios will be presented, together with some
considerations for future guidance.
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PyES - an open source software for the
computation of in solution and precipitation
equilibria

Lorenzo Castellino and Eugenio Alladio and Silvia Berto and Demetrio Milea
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1 Science and Computers

Computer tools have increasingly become a necessity in the world of modern re-
search. From simple spreadsheets applications, such as Microsoft Excel, to more
elaborate instruments for solving complex computation tasks scientists has to in-
terface with a computer that assists him in their tasks. Unfortunately, more often
then not these tools are not readily available or are scarcely supported becoming
“abandonware”. From a survey conducted among the participants of the Network
for Equilibria and Chemical Thermodynamics Advanced Research, COST ACTION
- NECTAR CA18202(NEC, 2020), a European network of researchers dedicated to
the study of thermodynamic equilibria, it has been noted how scarce and inadequate
the available software to support the study of stability constants is.

It was therefore decided to re-write ES4, a terminal-based computer program
originally written by Prof. Silvio Sammartano from the Universita degli Studi di
Messina and his co-workers in the last century using the BASIC programming lan-
guage (Arena et al, 1979) (Maggiore et al, 1976) (Daniele et al, 1984) (Casale et al,
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1989) (De Stefano et al, 1993), created with the aim of solving chemical equilibria
in solutions.

2 PyES

Building on its predecessor we developed PyES a new, open-source, practical,
graphical and multi-platform Python application. Our implementation has reached
feature parity with the original ES4, allowing the simulation of titrations and the
computation of species distribution of system of a theoretically infinite number of
chemical species. All the stability constants used in the computation can be dynam-
ically adjusted to correct for the effect of the ionic strength through an expanded
Debye-Hiickel equation.

In addition to the revised logic for these calculations, this new version allows the
inclusion of precipitable species in the system, empowering the user to investigate
more complex systems. Finally, given the uncertainties for the input data, these are
propagated in the calculation, allowing to report the results with their respective
fiduciary range.

Various tests were conducted considering various real chemical systems, com-
paring results of our program with both ES4 and other analogous software to assess
the correctness of our code.
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Callendar Van Dusen interpolation by means of
Piecewise Constrained Least Squares with
nullspace method — an update
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1. Introduction and scope

The Callendar-Van Dusen (CVD) equation (Van Dusen, 1925) has been used for
decades in the interpolation of platinum resistance thermometers (PRTs) calibration
points. This empirical equation, which represents the extension to t < 0 °C of the
original Callendar equation (Callendar, 1899), can be written in several forms, one of
the most used being

R=RO(1+At+Bt>—100Ct3+Ct*), (1)

where R is the resistance of the PRT at temperature t, RO is the resistance of the PRT
at 0 °C, and A, B and C are coefficients of the interpolation. For temperatures above
0 °C, the equation simplifies as the original Callendar equation:

R=R0O(1+At+Bt?). )

There are currently no prescriptions on the mathematical method of interpolation
for PRT calibration points, therefore there are a number of sub-optimal methods in
use. Some of those are geared towards the optimization of subranges, while the well-
known Ordinary (or Weighted) Least Squares, while providing the best overall
regression in terms of minimization of the loss function, can run into numerical issues.

This work inquires into a novel method of interpolation that minimizes the squared
sum of fit residuals along all the calibration range, therefore representing a means of
uncertainty reduction in an overall calibration budget.

2. Method
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The interpolation system presented in this work makes use of Piecewise Constrained
Least Squares (PCLS) and consists in the familiar least squares method to which a
system of constraints is applied.

Basically, the whole calibration range is interpolated by a spline, made up by the
two forms of the CVD equations (Eqn. 1 for t < 0 °C and Eqn. 2 for t > 0 °C). The
constraints set is composed by the continuity conditions of Eqns 1 and 2, as well as
their first derivative, at t = 0 °C. Other constraints are given by the equality conditions
of coefficients of Eqns 1 and 2.

The problem can be written as the minimization of the objective function:

, 1Xb — |2
constrained by
Ch =d,

where b is the unknown vector of CVD coefficients, dimension n, of which only 3 are
linearly independent; X is the Vandermonde matrix of the observations (Shores,
2018), dimensions m x n, where m is the number of calibration points; y=Ri/R0 is the
observations vector (resistance measurements), dimension m; C is the constraints
matrix, dimension p % n, with p representing the number of constraints; d is the
response vector of constraints, dimension p.

3. Conclusions

The theoretical construction of the system, based on the null-space method (Benzi
et al., 2005), will be shown, as well as its practical implementation (Excel and R
functions). Its computational advantages over the direct method will be shown, as well
as the formal expression of the solution in case of heteroscedastic errors on the random
variable (with variance-covariance matrix). Also, a comparison with other methods
of interpolation already in use will be provided using case studies.
This work extends and completes the work presented at MSMM 2021.
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Obsidian sourcing by combining SEM images
and machine learning
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Provenance studies of obsidian archaeological artefacts allow to understand the
links among ancient populations, their trade routes and their socio-economic con-
text. In the Mediterranean region, the number of geological sources of obsidian is
limited, and although chemical analysis remains the reference technique for sourc-
ing [Orange(2017)], other techniques have been investigated for screening purposes.
Among these, the examination in various samples of granulometry and morphology
of iron-based microphenocrysts embedded within the vitreous matrix allowed to val-
idate their provenance according to studies of their associated magnetic properties
[Ferrara(2019)]. Building upon these bases, we aim at exploiting all the microcrys-
talline phases typically present in obsidian rock, and visible in scanning electron
microscopy (SEM), as a fingerprint to assess the provenance of geological sam-
ples [Burton and Krinsley(1987)]. The identification of the origin of a sample is
a labelling process suited for supervised machine learning (ML) methods. In this
work, we exploit them for classifying the sources of obsidian samples coming from
different Mediterranean islands: Lipari, Sardinia, Pantelleria, Palmarola and Milos.
To this goal, we collected SEM backscattered electron images and Energy Disper-
sive X-ray Spectroscopy (EDX) data of geological samples. In typical SEM images
(Figure 1), features like microphenocrysts of different size, shape and contrast are
present. Although not specific, their average size, density, number, etc., can be ex-
tracted and fed to a ML algorithm that will find relationships among them uncatch-
able by the human eye. The challenging objective is to identify the provenance of
an obsidian sample within a limited set of possible sources using only SEM images,
an easily accessible and minimally invasive technique, by comparison with a refer-
ence database of pictures of known origin. However, in addition to morphological
features extracted from SEM images, relative intensities of EDX peaks of selected
chemical elements can also be used, at the expense of a reasonable increase in anal-
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ysis time, to enrich the set of parameters exploited by a suitable ML algorithm (e.g.
neural network, random forest), to properly classify the provenance of the obsidian
samples of the Mediterranean region. A critical analysis of the best parameters and
methods is proposed. The validation of the approach is studied with samples not
used to train the ML model. The comparison between the algorithms performance
on SEM pictures only or on SEM and EDX data and the scalability of this approach
to larger datasets and to a more comprehensive list of obsidian sources will be dis-
cussed. Perspectives of application of the method to archaeological artefacts will be
explored by analysing its robustness with a set of pictures of fragments raw surfaces.

«Arci SC

Fig. 1 SEM backscattered electron images of obsidian fragments of different Mediterranean
sources. The magnification is the same for all the pictures.
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Overview

The aim of this work is to analyze the physiological variability of electric conduc-
tivity in the brain measured through electric properties tomography (EPT) using
Magnetic Resonance Imaging (MRI). Electric conductivity maps of 27 healthy vol-
unteers and 45 patients with pathologies of the white matter (WM) were estimated
based on water content [Michel et al. (2017)] measured using MR Fingerprinting
[Cencini et al. (2022)] (Fig. 1A).

For each subject, tissue class segmentation was performed to obtain a white mat-
ter mask (Fig. 1B) and the median conductivity within this region was measured.
A non-linear mixed effect model was used to identify sources of variability. The
inter-subject standard deviation of the median WM conductivity was estimated to
11 mS/m. The results in Fig 1C showed strong dependence of WM conductivity
with age.

We reported higher WM conductivity in patients with respect to control subjects.
To distinguish pathological changes from physiological variability, we established
a threshold value of 22.5 mS/m more than the age-dependent average of observed
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in the control group (Fig. 1D). These findings are important for the development of
biomarkers and personalized medicine using EPT, and demonstrate the potential of
metrology in this field.
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Fig. 1 A. Conductivity map on a transverse section for one subject. B. Segmentation of the white
matter. C. Median conductivity in WM for each subject with respect to age (black line); The blue
area is the prediction envelope at level 95%. D. For each subject, difference with the age-dependent
average calculated from the control group (threshold in purple).
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1. Introduction

In the last decade, magnetic nanoparticles (MNPs) made of iron oxides have been
intensively studied for potential application in cancer therapies based on magnetic
hyperthermia [Vassallo (2023)]. One of the quantification indexes typically used to
express the capability of MNPs to release heat is the specific loss power (SLP),
which is the power dissipated per unit mass of magnetic material. The SLP strongly
depends on the MNP hysteresis losses, which can be estimated by numerically
solving the Landau-Lifshitz-Gilbert (LLG) equation. The MNP hysteresis losses
depend on a plethora of parameters, including magnetic properties, shape, size and
state of aggregation of the MNPs, as well as the frequency and amplitude of the
exciting magnetic field. However, the numerical integration of the LLG equation is
computationally very intensive and analysing all the possible combination of MNPs
properties and magnetic field conditions is a daunting task.

Machine learning (ML) techniques are a powerful tool in the analysis of large
amount of data and very well suited to develop regression and predictive models
depending on a high number of parameters. Leveraging the large dataset of
micromagnetic simulation results, obtained by numerically solving the LLG
equation for various types of MNPs under different experimental conditions, we
present a comparison of the predictive performance of several regression models and
ML techniques in the evaluation of MNP hysteresis losses and SLP.

2. Methodology and results

The initial dataset is obtained using the micromagnetic numerical solver we developed
[Ferrero (2021)]. The magnetization dynamics of each MNP, assumed to be in the single-
domain state, is modelled by the LLG equation, with the inclusion of thermal effects, using
the Langevin dynamics.
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Using the numerical model we analyse the magnetic hysteresis behaviour of
spherical MNPs made of different materials, and with a diameter ranging between
10 nm and 40 nm. The applied magnetic field frequency varies between 100 kHz
and 1 MHz, while the field amplitude varies between 5 kA/m and 50 kA/m for a
total of nearly 800 calculated hysteresis loops. The hysteresis loops are characterized
by three fundamental parameters, i.e. the area of the loop for the derivation of the
SLP, the coercive field and the magnetic remanence.

The inputs for the predictive models are the magnetic properties and size of the
MNPs, and the magnetic field amplitude and frequency.

Two ML approaches from the SkLearn library [Pedregosa (2011)] were tested: a
Random Forest (RF) Regression algorithm and a shallow Neural Network (NN) with
few layers. In Fig. 1 we report the preliminary analysis performed on the two models
on randomly chosen test dataset, not used in the training process, which amounts to
10% of the total original data.
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Figure 1: Regression analysis on a subset of the simulated dataset with two different regression methods:
a Random Forest (RF) and a 3 layer Neural Network (NN). Below the computed magnetic hysteresis
loops for a combination of different parameters to illustrate the variety of hysteresis loops shape.
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1 Abstract

The Guide to the Expression of Uncertainty in Measurement (GUM) gives, through
the construction of uncertainty budgets and the law of propagation of uncertainty
(LPU), a way of adding up uncertainty contributions from various sources in order
to assign an uncertainty associated with a measurand. In this paper we are interested
in the reverse process, given (redundant) measurement data, what can be said about
the effects that contributed to the measurement data. We consider a response model
of the form

K
T]ZC(X+Z§k, 5k€N(0,Vk),

k=1
where the response 711 depends on «, often the parameters of primary interest, and
random effects J;. Given an observed response y € 17, we wish to make inferences
about o but also d;. A common situation has two effects sources, K = 2, where
61 models some non-ideal or random behaviour of the system under study, and &,
models effects associated with the measurement system. Assuming a noninforma-
tive prior p(e) o< 1 for e, the posterior distribution for ¢ is given by

K
a~N(aV,), a=(C'v'io)'cvily, va=('v'o)!, v=Y V.
k=1

Alistair Forbes
National Physical Laboratory, Hampton Road, Teddington, UK, TWI11 OLW e-mail: alis-
tair.forbes @npl.co.uk



2 Alistair Forbes

Setting r =y — Ca, it is possible to derive Gaussian posterior distributions for &
involving straightforward expressions involving r, Vy and V, k=1,... K.

We are also interested in the case where the varianc