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An overview on uncertainty quantification and probabilistic
learning on manifolds in multiscale mechanics of materials

Christian Soize**

“Université Gustave Eliffel, MSME UMR 8208 CNRS, 5 bd Descartes, 77454 Marne-la-Vallée, France

Abstract

An overview of the author works, many of which were carried out in collaboration, is presented. The first part
concerns the quantification of uncertainties for complex engineering science systems for which analyzes are now
carried out using large numerical simulation models. More recently, machine learning methods have appeared in this
field to address certain problems of nonconvex optimization under uncertainties and inverse identification, which are
not affordable with standard computer resources. Thus the second part is relative to the presentation of a method of
probabilistic learning on manifolds recently proposed for the case of small data and which makes it possible to build
statistical surrogate models useful to perform probabilistic inferences. The illustrations are mainly focused on the
multiscale analyzes of microstructures made up of heterogeneous continuous materials, which cannot be described in
terms of constituents and which are modeled with stochastic apparent quantities at mesoscale.

Keywords: Uncertainty quantification, probabilistic learning, stochastic homogenization, heterogeneous material,
multiscale mechanics

1. Introduction

Uncertainty quantification for computational models in science and engineering on the one hand, and probabilistic
learning for the construction of metamodels (surrogate models) on the other hand, are very vast and active research
fields, which remain very current, and which have generated and generate a very large number of published works
for several decades. Consequently, this article cannot be and is not a review of the state of the art, but of course the
author has remained attentive to refer the reader to numerous references, which will be given as developements are
presented.

The author has contributed to the development and to the use of probability theory and mathematical statistics in
Mechanics of complex systems since 1973, in particular to the development of methods for Uncertainty quantification
(UQ) in computational stochastic mechanics since the end of the 1990s, and to the development of probabilistic
learning on manifolds devoted to the construction of statistical surrogate models (metamodels) for large computational
models in engineering science for the last 10 years. The author offers an overview of his work most often carried out
in collaboration, concerning current prospective approaches in the field of uncertain computational models and their
identification with applications to the mechanics of materials whose microstructures are complex mechanical systems.

This overview is mainly an introduction to this field of research, which provides an overview of the main concepts
and methods. However, the use of probability theory and statistics remains a relatively difficult field of mathematics
and it is not possible to give in such a paper the details, the mathematical elements, and even certain foundations,
which would be necessary for that a reader uninitiated to this domain perfectly understands all the aspects. Inevitably
deadlocks must be made and this lack will be overcome by referring to published articles and books. However, the
author goal is to help readers to understand the concepts, methods of analysis, and fields of application. Concerning
Uncertainty Quantification and the principal probability and statistical tools useful for probabilistic learning, we refer
the reader to Section 2.4 devoted to bibliographical complements.
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1.1. Organization of the paper

Sections 1 to 6 are devoted to the first aspect of proposed overview, namely the uncertainty quantification prin-
cipally oriented towards multiscale mechanics of materials. Section 2 presents a very brief overview on the main
concepts in stochastic modeling for Uncertainty Quantification (UQ) and ends with bibliographical complements.
Section 3 is devoted to the construction of prior stochastic models of uncertainties. The types of representation for
stochastic modeling are presented. We introduce the Maximum Entropy (MaxEnt) principle from Information Theory,
which is a fundamental statistical tools to construct an informative prior probability distribution using the available
information. We also show how MaxEnt can be used as a general numerical tool for constructing a probability dis-
tribution in any dimension. Section 4 deals with Random Matrix Theory that is an important probability tool for the
probability modeling of uncertainties in computational mechanics. It is use for nonparametric probabilistic modeling
of model errors in the computational models and also to construct prior probability models of tensor-valued random
fields such as fourth-order elasticity fields of heterogeneous materials. We show how the ensembles of random matri-
ces are constructed using MaxEnt for symmetric real random matrices. Three ensembles of random matrices that are
used in uncertainty quantification are presented: ensemble SG{ of positive-definite random matrices with a unit mean
value; ensemble SG; of positive-definite random matrices with a unit mean value and a positive-definite lower bound;
ensemble SE; of positive-definite random matrices with a given mean value and a positive-definite lower bound. Sec-
tion 5 is central to construct informative prior probability models of elasticity random fields of elastic media. We
present algebraic prior probability models for heterogeneous anisotropic elastic media and for heterogeneous elastic
media with statistical fluctuations in a symmetry class and with anisotropic statistical fluctuations. In Section 6, two
illustrations are presented. The first illustration concerns stochastic homogenization of heterogeneous materials at
microscale in the context of a probabilistic analysis of the representative volume element size in stochastic homog-
enization of a heterogeneous complex microstructure. The second illustration deals with the stochastic continuum
modeling of the random interphase of a polymer nanocomposite using atomistic simulations and a statistical inverse
problem.

Sections 7 and 8 are devoted to the second aspect of the proposed overview and concerns the use of probabilistic
learning in computational science and engineering, in particular in multiscale mechanics of materials. In Section 7,
we present the methodology and the algorithms of the Probabilistic Learning on Manifolds (PLoM). This is a machine
learning tool that has specifically been developed for small datasets. Some illustrations are given and show the capa-
bility of the PLoM algorithm. In particular we present the nonconvex optimization under uncertainties for which the
number of function evaluations is limited. Next we summarize the methodology and the algorithms of the probabilis-
tic learning under constraints based on the Kullback-Leibler divergence minimization principle. This methodology
allows the probabilistic inference to be carried out to identify the probability model using targets. Finally, Section 8 is
devoted to an illustration of the probabilistic learning inference for 3D stochastic homogenization of a heterogeneous
linear elastic microstructure with random spectrum and without scale separation.

1.2. Convention for the variables, vectors, and matrices

x,n: lower-case Latin or Greek letters are deterministic real variables.

X, 1: boldface lower-case Latin or Greek letters are deterministic vectors.

X: upper-case Latin letters are real-valued random variables.

X: boldface upper-case Latin letters are vector-valued random variables.

[x]: lower-case Latin letters between brackets are deterministic matrices.

[X]: boldface upper-case letters between brackets are matrix-valued random variables.

1.3. Notations for sets of matrices and their norm

R": Euclidean vector space.

M, : set of the (n X m) real matrices.

M,: set of the square (n X n) real matrices.

M3 : set of the symmetric square (n X n) real matrices.
M:: set of the positive-definite (n X n) real matrices.
M:0: set of the positive (n X n) real matrices.

[1,]: identity matrix in M,,.



x: forx e R, x = (x1,..., Xp).

x”: transpose of the column matrix made up of the components of x € R™.
[x]7: transpose of matrix [x].

tr[x]: trace of matrix [x].

(x,y): Euclidean inner product of x and y in R”, equal to x;y; + ... Xy V-
lIx||: Euclidean norm of x in R", equal to (x,x)'/2.

Ix11l = SUP |1y =1 (I[xTyll.

|| [x] ||7: Frobenius norm of matrix [x], equal to (tr{[x]” [x]})'/%.

1 5: indicatrix function of set B.

1.4. Convention used for random variables and random fields

(i) Random variable. In this paper, for any finite integer m > 1, the Euclidean space R is equipped with the o-algebra
PBrn. If Y is a R"-valued random variable defined on the probability space (0, 7, &), Y is a mapping 6 — Y(6) from
0 into R™, measurable from (®, .7) into (R™, Brn), and Y(0) is a realization (sample) of Y for 6 € ©. The probability
distribution of Y is the probability measure Py(dy) on the measurable set (R™, Zrn) (we will simply say on R™). The
Lebesgue measure on R™ is noted dy and when Py(dy) is written as py(y) dy, py is the probability density function
(pdf) on R™ of Py(dy) with respect to dy.

If Y and Y’ are R”- and R" -valued random variables defined on (®, .7, &) and if f is a measurable function on
R™ x R™ with values in R”, which means that Z = f(Y,Y’) is a R"-valued random variable, then we have

E{Z} = / zPz(dz) = E{f(Y,Y')} = /R o f(y.y") Py.y (dy,dy’),
n R
in which E is the mathematical expectation, Pz(dz) is probability distribution on R" of Z, where Py y (dy, dy’) is the
joint probability distribution of R™ X R™ of Y and Y, and where Pz is the image of Pyy by f.
We say that Y is a second-order random variable if E{|YI*} = me Ilyl? Py(dy) < +co. The set of all the second-
order R"-random variables defined on (@®,.7, &) is denoted by L?(®, R™) (quotient by the equivalence relation of
almost-surely (a.s.) equal random variables). Equipped with the inner product and the associated norm

(YY) = EKY, YD} Yl = Y, Y)!2,
L*(®,R™) is a Hilbert space.

(ii) Second-order random field. A second-order random field {V(£),£& € Q}, defined on (®, 7, &), indexed by any
uncountable subset Q of R with d > 1 (possibly with Q = RY), with values in R", is defined by a mapping £ — V(£)
from Q into L*(®, R™).

For all £ fixed in Q, V(£) € L>(®,R™), that is to say is the second-order random variable 8 — V(£, §) from ® into
R™. For all 6 fixed in ©, V(&, 0) is a realization of R”-valued random variable V(£) and & — V(£, ) is a trajectory (or
sample path) of random field V.

Let o, = {£,...,£"} be a finite subset of Q and let V,, = (V(£),..., V(£")) be the random variable with values
in R" with n = v X m. The probability distribution P,(dVv) on R" of random variable V,, is a marginal probability
distribution of random field V. The system of marginal distributions of random field V is made up of the uncountable
family of all the finite probability distributions P,(dV) obtained for all the possible finite nonempty and nonordered
subsets o, of Q.

2. Main concepts in stochastic modeling for Uncertainty Quantification (UQ)

This very brief section is relatively important for the understanding of what is UQ and we refer the reader to [1]
for more details.



2.1. Aleatory and epistemic uncertainties

The aleatory uncertainties concern physical phenomena, which are random by nature. This is the case, for in-
stance, for the pressure field in a fully developed turbulent boundary layer or for the geometrical distribution of the
inclusions inside the matrix of a biphasic microstructure. The epistemic uncertainties concern a lack of knowledge
about the parameters of a computational model, which is the discretization of a boundary value problem (BVP). They
also concern modeling errors, which cannot be described using the parameters of the computational model. This is
the case, for example, of uncertainties due to the lack of knowledge of the mechanical description of a boundary con-
dition, or to geometric tolerances induced by manufacturing processes, or even to the effective mechanical properties
of materials resulting from a change of scale (without scale separation). These modeling errors are also due to the
existence of hidden degrees of freedom, which are not taken into account and which are related to the use of reduced
kinematics in the computational model (beam theory instead of 3D elasticity) or which are associated with secondary
dynamic subsystems not modeled in the computational model.

In the framework of the probability theory and mathematical statistics of uncertainty quantification, there is no
need to distinguish these two types of uncertainty (and we simply say “uncertainties”) because the tools are exactly
the same for the stochastic modeling of uncertainties, for the propagation of uncertainties in the computational model,
and for the identification by solving a statistical inverse problem.

2.2. Sources of uncertainties and variabilities

We consider a designed mechanical system (conceptual system), its computational model, and the real mechanical
system. The computational model is constructed by using the finite element approximation of the BVP that is the
mathematical-mechanical model of the designed mechanical system. This BVP is posed on an open bounded domain
Q of R?, with boundary dQ = I'y U T';. The manufacturing process of the designed mechanical system yields the real
mechanical system. The BVP depends on a control parameter w (such as mass density, geometrical and mechanical
parameters), on an uncontrolled parameter u (such as the tensor-valued elasticity field of a material), and depends on
the mathematical modeling of the environment of the real mechanical system yielding nonhomogeneous term in Q
(external body force field), Neuman boundary condition on I'; (surface force field), and Dirichlet condition on I'y.

In general, the errors related to the construction of an approximate solution of the computational model have to be
reduced and controlled, and should not be considered as uncertainties. There are three sources of uncertainties: (i) the
uncertainties on w and u that are defined as the model-parameter uncertainties, (ii) the model uncertainties induced
by modeling errors during the mathematical-mechanical modeling process (which cannot be taken into account by the
model-parameter uncertainties), and (iii) the uncertainties in the real mechanical system due to its variabilities induced
by the manufacturing process and due to small differences in the configurations (an experimental configuration of a
complex real mechanical system differs from the designed mechanical system and is never perfectly known).

2.3. Challenges and role played by probability theory and mathematical statistics

The deterministic model of a complex real mechanical system is generally not sufficient in many cases. The
robustness of the computational model must be improved in taking into account its own uncertainties, the variabilities
of the real mechanical system, and the experimental errors. For complex real mechanical systems, the experimental
errors are mainly due to the lack of knowledge of the experimental configuration that differs from the designed
mechanical system and that is not perfectly known. These experimental errors are also due to measurement noise but
today it is generally negligible compared to the previous one.

The probability theory is a powerful mathematical tool, which allows (i) to construct, in finite or infinite dimension,
a prior stochastic model of uncertainties (random vectors, matrices or tensors, random fields, etc.), (ii) to analyze the
propagation of uncertainties in the computational model using applied mathematics, (iii) to identify the prior and the
posterior stochastic models of uncertainties, in finite or infinite dimension, using available data (experimental data)
and mathematical statistics to solve statistical inverse problems with, if necessary, the help of Machine Learning
tools in a probabilistic/statistics framework. The first challenge is related to the effective construction of stochastic
models such as the construction of informative prior probability distributions using algebraic representations such
as polynomial chaos expansions and random generators such as Markov Chain Monte Carlo (MCMC) generator
for random vectors in high stochastic dimension, random matrices in any stochastic dimension, tensor-valued random
fields in high stochastic dimension. This step is fundamental and is difficult enough. The second challenge is related to
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model uncertainties induced by the modeling errors because this type of stochastic modeling is related to the operators
of the BVP that are uncertain and that cannot be taken into account through the model-parameter uncertainties of the
BVP. If partial and limited data are available, the third challenge is related to the identification and the updating of
the stochastic models by solving statistical inverse problems using the least-square method, the maximum likelihood
approach, or the Bayesian inference. In high stochastic dimension, what is generally the case for the identification
of a random field that is an uncontrolled parameter of the BVP, this can be a very challenging problem. Finally, the
fourth challenge is related to the algorithmic strategy for robust updating, robust optimization, and robust design. It is
also a challenging problem with respect to the computational resources and consequently, the formulations require the
use of reduced-order models, surrogate models (metamodels), and machine learning tools implemented in a statistical
framework.

2.4. Bibliographical complements

Concerning the concepts, the methodologies, and the algorithms to implement Uncertainty Quantification (UQ)
in science and engineering we refer the reader to [1, 2, 3, 4, 5, 6, 7]. The mathematical tools used for uncertainty
quantification are principally based on the probability theory and stochastic processes [8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18], and on mathematical statistics [19] with several important aspects, in computational statistics [20, 21], in
multivariate statistics [22, 23], in nonparametric statistics with smoothing techniques [24, 25, 26, 27, 28, 29, 30, 31],
and in approaches based on the maximum likelihood and the Bayesian methods to solve statistical inverse problems
[32, 33]. It should be noted that the Markov Chain Monte Carlo (MCMC) methods and associated algorithms are
important computational tools for sampling any probability distribution [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44].

Uncertainty quantification requires to construct the probability models of uncertainties. Therefore, tools are nec-
essary to construct informative prior probability distributions, to analyze statistical dependencies between random
quantities, to estimate and formulate the “’proximity” between probability distributions. These tools are given by In-
formation Theory, including important notions such as entropy, cross-entropy, maximum entropy principle, Kullback-
Leibler divergence [45, 46, 47, 48, 49, 50, 51, 52].

To implement UQ in stochastic boundary value problems and computational models, one needs to construct
probability models for random quantities such that random matrices, stochastic processes, and random fields. In
the area of engineering sciences, random matrix theory [53] was used to construct random finite representations of
stochastic operators [1], in particular by introducing ensembles of positive-definite symmetric random matrices to
construct nonparametric probabilistic models of the model errors in computational models, such as those initiated
and proposed in [54, 55, 56, 57, 58, 59]. Random fields theory is necessary for the stochastic modeling of nu-
merous boundary value problems with uncertainties [60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70] in particular, the
construction of random fields with values in ensembles of positive symmetric tensors that allow the coefficients of
elliptic partial differential operators to be modeled [71, 72, 73, 74]. The polynomial chaos expansion of stochas-
tic processes was introduced in [75, 76] and an effective Karhunen-Loeve-based construction for random fields
was pioneered in [77, 78]. The Wiener-Askey polynomial chaos expansion was used by [79], the developments
of random fields in polynomial chaos for arbitrary probability measure were introduced in [80], and a compressed
principal component analysis of non-Gaussian vectors using symmetric polynomial chaos has been proposed in
[81]. Polynomial chaos expansions in finite and in infinite dimension have been and is intensively used for uncer-
tainties modeling and propagation of uncertainties [82, 83, 84, 85, 86, 87, 88] (see also hereinafter the stochastic
solvers and the stochastic finite elements). It should be noted that the nonparametric modeling of model uncer-
tainties induced by modeling errors in large computational models has notably been developed in linear dynamics
[54, 55, 89, 90, 91, 92,93, 94, 95, 96, 97, 98], in vibroacoustics and fluid-structure interactions [92, 99, 100, 101, 102],
in nonlinear dynamics [103, 104, 105, 106, 107, 108, 109, 110, 111], for models updating [112, 113], and for model
errors with probabilistic learning [114, 115].

Once the probabilistic models of uncertainties are built, it is necessary to study the propagation of these uncer-
tainties in the systems. It is therefore necessary to have methods for solving stochastic equations. The first set of
methods is based on the Monte Carlo numerical simulation methods [34, 116, 117, 118, 119, 120, 121, 122]. The
second set is based on spectral projection methods [123, 124, 125, 126, 127, 128], such as those based on polynomial
chaos expansions [77, 78, 3, 129] and called stochastic finite element method when the discretization method of the
boundary value problems are performed using the finite element method [78, 130, 131, 132, 133, 134, 2, 135, 136,
137, 138, 139, 140, 141].



Most often, the uncertainties probability model is a prior model. If targets are available for observations of the
system, coming from experimental measurements or from more precise numerical simulations, a posterior probability
model of uncertainties can be estimated by solving inverse statistical problems based on the maximum likelihood,
the Bayesian inference, and machine learning. For general overviews on statistical inverse methods, see [142, 143,
144, 145, 146, 147, 148, 149], and for complements, see [150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160].
The statistical identification of the coefficients of polynomial chaos representations of random fields can be found in
[161, 162, 163], in particular in [164, 165, 166] for high dimension, and for representations of random vectors in [167,
168, 169, 170, 171, 172, 173]. The inverse identification of random matrices have been proposed in [174, 175, 176].
Statistical inverse methods are also used to perform model updating [177, 178, 179, 180], model selection [181, 182],
and to construct surrogate models (or metamodels) [183, 184, 185, 186, 187, 188, 189].

Within the framework of the methodologies described above to implement UQ, an important question concerns
the optimization problems under uncertainties (OUU) such as the stochastic optimization [190], the computational
methods devoted to optimization and robust design [191, 192, 193, 100], the multidisciplinary optimization [194,
195, 196, 197], the multicriteria and multiobjective optimization [198, 199, 200], and the multiscale optimization
[201, 202]. The OUU problems often require the use of stochastic expansion [203], the use of surrogate models
[204, 205, 206], and those of machine learning and probabilistic learning algorithms [207, 208, 209, 210, 211, 212,
213, 214, 215, 216, 217, 218, 219, 220].

Finally, the machine learning tools and artificial intelligence [221, 222, 223, 224], such as the probabilistic and
statistical learning [225, 226, 227, 228], are used in UQ for problems that would require computer resources that are
not available with the most usual approaches.Thus methods have emerged in the field of engineering sciences, such as
the learning on manifolds [229, 230, 231, 232, 233, 234, 235, 236, 237, 238] and the physics-informed probabilistic
learning [239, 240, 241, 242, 243].

3. Prior stochastic modeling of uncertainties

3.1. Types of representation for stochastic modeling

Let us consider a computational model for which the control parameter w is a vector in R™. The quantity of
interest (Qol), q € R™, is a system observation that is written as q = h(w) in which h is a measurable mapping
from R™ into R". This mapping is implicit and is defined through the solution of the BVP whose approximation
is constructed via the computational model. Presently, there is no uncontrolled parameter and therefore h is a de-
terministic mapping. Control parameter w is assumed to be uncertain and is modeled by a R™-random variable W
defined on a probability space (®, .7, &), with probability distribution Pw(dw;s) whose support is the set %, c R™
and where s is a hyperparameter that belongs to an admissible set %; c R™. Consequently, Qol q is modeled by a
R"-valued random variable Q = h(W) whose probability distribution Pg(dq;s) is the image (transport) of Pw by h.
It can then be seen the existence of two main steps. The first step is the stochastic modeling of uncertainties, that is
to say, the construction of a prior probability distribution Pw(dw;s) of uncertain parameter W; this is the purpose of
this Section 3. The second step is the analysis of the propagation of uncertainties, that is to say, the construction of
Pq(dq;s) that is carried out by using an adapted stochastic solver (as explained in Section 2.4). This methodological
description clearly shows the impact of the use of an arbitrary stochastic modeling of W. Even if the stochastic solver
is “perfect” (estimation of Pg(dq;s)), if Pw(dw;s) is arbitrarily chosen (thus probably wrong, such that a Gaussian
distribution for a positive-valued random variable), its nonlinear transformation by h will yield a probability distribu-
tion Pg(dq;s) perfectly estimated, but which will be arbitrary (thus probably wrong). This means that the first step is
absolutely fundamental in UQ.

For stochastic modeling of uncertainties, two cases have to be considered. The case for which there is no available
experimental data and the one for which experimental data are available. However, even if experimental data are not
available, it is important to consider UQ in order to make robust analyzes with respect to uncertainties. This enables
robust predictions with the computational model as well as robust optimization and design. If big data are available,
then nonparametric statistics can be used to estimate Pw(dw;s). If only small/limited data are available, then an
informative prior probability distribution Pvp{,m'(dw; s) of W has to be constructed. Parametric statistics such as the
least-square and maximum likelihood methods have to be used to estimate s or, the Bayesian inference can be used to
construct a posterior probability distribution Py (dw) of W (note that, for high stochastic dimension, a high quality
of the informative prior probability distribution is needed to make the Bayesian inference approach feasible).
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Two fundamental approaches can be considered to construct a probability distribution Pw of uncertain parameter
W: the direct and the indirect approaches.

Direct approach. (i) If a large amount of data is available such as n,; independent realizations of W with a
large value of ng4, then the probability distribution Pw of W can directly be estimated using the Kernel Density
Estimation (KDE) method from the nonparametric statistics. (ii) If there is no data or if only a small amount of data
is available (small value of ny), then the construction of an informative prior probability distribution P{;{}i"'(dw; s) =
P’ (W3 s) dw, represented by a pdf piy” on R™, can be constructed by using the Maximum Entropy principle (MaxEnt)
from Information Theory. In such a case, s appears as a hyperparameter that is related to the available information
introduced as constraints in the MaxEnt principle. Often, s describes some statistical properties of uncertainties, such
as the level of uncertainties, and a sensitivity analysis can be performed with respect to the values of s. If a small
dataset is available then hyperparameter s can be estimated by solving a statistical inverse problem.

Indirect approach. It consists in introducing a representation W = f(G;s) in which g — f(g;s) is a deterministic
nonlinear (measurable) mapping, where G is a given R"-valued random variable whose pdf pg(g) with respect to
dg is given on R, and where s is the hyperparameter. Therefore, P{;J{,ior(dw; s) is the image of pg(g) dg by mapping
f(.;s). Two main representations can be used for construction mapping f. The first one is the use of a truncated
Polynomial Chaos Expansion (PCE) that is written as W = Z/If:o a* ¥, (G) in which @™ is a value of the multi-
index @ = (a@y,...,a,,) € N, where {¥(g), @ € N} is the family of orthogonal polynomials with respect to the
measure pg(g) dg, that is to say fRng Yo (g8) Yp(8) pG(g) dg = dap, and where s = {a% ... aX}. The second one consists
in constructing a prior algebraic representation, W = £(G;s) of W in which hyperparameter s has a small dimension
ns and where g — f(g; s) is a given nonlinear mapping (such an approach will be used in Section 5 for constructing a

prior probability model of tensor-valued random fields).

3.2. Maximum Entropy principle from Information Theory as a direct approach to construct an informative prior
probability distribution

This statistical tool is presented for a random vector but can be applied to any random quantities (for instance to
random matrices, see Section 4).

(i) Entropy as a measure of uncertainties for a vector-valued random variable. Let W be the R™-valued random
variable, defined on (@, .7, &?), whose probability distribution is written as Pw(dw) = pw(W) dw in which py is an
unknown pdf on R™ but for which its support is known and such that supp pw = %,, C R™. The Shannon entropy [45]
(see also [49, 50, 51]) of pw, measuring uncertainty, is the real number defined by

&(pw) = - /R pw(w) log(pw(w)) dw = —Ef{log(pw(W))} € R. (3.1

For a uniform pdf on a compact set k C %,, € R™, that is to say pw(w) = (1/|]) 1,(w), we have &(pw) = log |«|.
More the Shannon entropy is large, and more uncertainty is high. The limit, & = —oo, corresponds to no uncertainty
(deterministic case).

(i) Maximum entropy principle (MaxEnt). Introduced by Jaynes [47, 48], the MaxEnt consists in constructing the
pdf pw that corresponds to the largest uncertainty on the set of all the possible pdfs on R™ with given support %,,,
which satisfy the constraints defined by the available information. In addition to the support property, the available
information is made up of statistical properties on W defined as a mathematical expectation,

E(g"(W)) = /

Rm

g°(w) pw(w)dw = b° € R™, (3.2)

in which n, > 1 is a finite integer, where w — g°(w) is a given (measurable) mapping from R™ into R™, and where
b€ is a given vector in R". The definition of MaxEnt allows the following optimization problem to be defined for
constructing pw,
pw = arg max &(p), (3.3)
PECd



in which the admissible set @4 is the subset of €hee = {p € L'(R™,R*Y), supp p = €,,} such that

(gad:{pecgfrees/

Rw

pw)ydw =1, /

Rm

'g"(w)p(w)dw = b°}. (3.4)

Existence and uniqueness of this optimization problem has to be studied as a function of the defined information
represented by g¢ and b¢ (see paragraph (iv)).

(iii) Reformulation of the optimization problem by using Lagrange’s multipliers. To solve the optimization problem
defined by Eq. (3.3), the problem is reformulated on set .. instead of %4 by introducing the Lagrange multipliers
Ao € RT associated with the normalization condition fRnw pw)dw -1 = 0and A € ¥, c R"™ associated with the
constraint fRnW g°(w) p(w) dw — b = 0 in which %), is the admissible set for A, defined by

6y ={1eR"™, / exp(—(1,g(w))) dw < +oo} . 3.5)
Rne

The Lagrangian is defined, for all 4y in R*, 1in %), and p in 6., by

Lag(p: A0, D) = E(p) = (1o = 1)( /R pwydw—1) = (4, /

Rmw

g (W)p(w)dw —b). (3.6)

(iv) Existence and uniqueness of MaxEnt. If the constraints are algebraically independent, then there exists a unique
solution [244, 1], which corresponds to the stationary point of the Lagrangian and which is written as

pw(w) = lg, (W) ¢ exp(—(2, g“(w))) , VYweR™, 3.7

sol sol

in which the constant of normalization ¢’ = exp(—A{") can be written as ¢! = ( f(ﬁ exp(—(A, g°(w))) dw)~!' and
where (/l‘(‘)“l, ) € R* x 4 is the unique solution in (4, A) of the following equations,

/ exp(=do — (4, g’ (W))dw=1 , / g°(w) exp(—dp — (4,8°(W))) dw = b°. (3.8)

W G

(v) Analytical examples of classical probability distributions deduced from MaxEnt and a few properties. Appendix
A gives explicit algebraic expressions of classical probability density functions, obtained using MaxEnt. These are
Uniform, Gamma, and Gaussian distributions for a real-valued random variable, and multivariate Exponential and
Gaussian distributions for a random vector. What is interesting is to see the available information that leads to each of
these distributions and also to see some properties of these random variables.

3.3. MaxEnt as a numerical tool for constructing a probability distribution in any dimension

Such a numerical tool is necessary, because in general, Eq. (3.8) cannot explicitly be solved. An adapted numerical
algorithm must be used to circumvent the difficulties that appear in high dimension. The constant of normalization
co = exp(—Ap) goes to zero as R~ in which R is a “radius” of %,,, which is directly involved in the numerical cal-
culations, what cannot be computed in high dimension. In addition, integrals in high dimension have to be computed
for calculating the Lagrange multipliers (see Eq. (3.8)). An algorithm to compute the Lagrange multipliers and to
construct a generator of realizations of W are given in Appendix B.

4. Random Matrix Theory for uncertainty quantification in computational mechanics

The random matrix theory was intensively studied by physicists and mathematicians in the context of nuclear
physics. The developments began with Wigner in the 1950s, important efforts were performed in the 1960s by Wigner
(1962), Dyson (1962), Mehta and others. In 1967 Mehta published an excellent book concerning a synthesis of the
random matrix theory [53] (second edition in 1991). For physical applications, an important ensemble is the Gaussian
Orthogonal Ensemble (GOE) such that any random matrix in GOE is a real symmetric random matrix whose entries
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are mutually independent, and which is invariant under orthogonal linear transformations. Applying MaxEnt with this
information yields a probability distribution of a M3 -valued random matrix with respect to the volume element d°G
on Euclidean space M3 (R) (see Section 4.1), which is written as

p[G]([G]) =cG exp(—% tr{[G]z}) s ij = ij ,1<j<k<n, “4.1)
in which cg is the constant of normalization and where ¢ is a hyperparameter defined in [1] (pp.98-99).

The random matrix theory is an important tool to construct prior probability distributions of system-parameter un-
certainties and model uncertainties induced by modeling errors in computational mechanics. The GOE can be viewed
as a generalization of the Gaussian real random variables to the Gaussian symmetric real random matrices. A random
matrix G whose pdf is given by Eq. (4.1) is not positive almost surely or negative almost surely (no signature), and in
addition, E{||[G]! II%} = +o0. Consequently, this ensemble cannot be used for stochastic modeling of a symmetric real
matrix for which a positiveness property and an integrability of its inverse are required. Such a situation is similar to
the one that we have presented in Section Appendix A.1-(iii) or Appendix A.2-(ii). Consequently, new ensembles of
random matrices are necessary to develop uncertainty quantification in computational mechanics. A first ensemble of
positive-definite random matrices has been introduced by the author [54] when he proposed the novel nonparametric
probabilistic approach of model uncertainties induced by the modeling errors in computational dynamics, and later,
other ensembles of random matrices derived from the first ensemble to take into account different types of random
operators [55, 56, 90, 57, 104, 245, 99, 94] encountered in computational mechanics, computational fluid mechanics,
fluid-structure interaction including vibroacoustics. For complete developments on this subject, we refer the reader to
[1, 59]. Below, we will limit the presentation to the fundamental ensemble SG{ of positive-definite random matrices,
which are the ”germs” of two other useful ensembles, SG; and SE;, that we will be used for constructing the prior
probability model of tensor-valued random elasticity fields (see Section 5).

4.1. Prerequisites to construct ensembles of random matrices by MaxEnt

The Euclidean space M, is equipped with the inner product < [G], [H]>= tr{[G]T[H]} and with the associated
Frobenius norm ||G||r =< [G],[G]>"%. Induced by the inner product, the volume element on Euclidean space
M, is dG = szzl dG . and on Euclidean space M is d°G = 2=/ Hlsjsks,l dG . Let [G] be a M3 -valued
random matrix defined on (®,.7, %) whose probability distribution Pig; = pig)([G]) d°G is defined by the pdf
[G] = pi)(IG]) from M3 (R) into R* = [0, +oo[ with respect to dG on M3 . Then this pdf satisfies the normalization
condition,

/ pici(IGD) d°G = 1. 4.2)
M

The support of the probability density function, supp pig) of pdf pg) is any subset .7, of M3, possibly with .7, = M5
(example: .7, = M} C M3).

4.2. The Shannon entropy as a measure of uncertainties for a symmetric real random matrix and MaxEnt principle

Similarly to the vector case presented in Section 3.2, the Shannon entropy of p;g;, which measures the level of
uncertainty, is the real number,

E(pg) = - /y pic1(IGD log(pici(IG]) d°G = —E{log(pi)(IG]))} . 4.3)

For this random matrix case, MaxEnt is then applied similarly to the random vector case.

4.3. Ensemble SG{ of positive-definite random matrices with a unit mean value

This is a fundamental ensemble [1, 54] that is used to construct many derived ensembles of random matrices (see
Sections 4.4 and 4.5) and which is important for the nonparametric probabilistic approach of model uncertainties and
for the construction of prior probability model of elasticity random fields (see Section 5).



(i) Definition of SG{ by the MaxEnt principle and pdf. The set SG{ is the set of all the random matrices [Go] with
values in M}’ , defined on (0, .7, &), and constructed using MaxEnt with the following available information,

E{[Gol} = [I,] . Eflog(det[Go])} =vg, . [vg,| < +o0. (4.4)
The support .7, of the pdf [G] — pic,([G]) : Mﬁ — R* with respect to the d5Gis ., = M¥ c Mﬁ and we have

1) U2 n+1
PG (IGD) = 1, (G] G, (det[G]) """+ exp(~

t[G)). 4.5)

The hyperparameter §, which is such that 0 < § < (n + 1)!/2(n + 5)7!/2, allows for controlling the level of statistical
fluctuations of [Gy], and is such that

E{||[Go]—E{[G0]}||12v}}l/2 {1 . }1/2
o= =, EUlGo] = [y : 46
{ I E{[Gol} 17 ~E{ll[Gol - 17} (4.6)

It should be noted that constant v, has been eliminated for the benefit of ¢ in order to perform a reparameterization
in ¢ instead of keeping v, that has no physical meaning.

(ii) Invertibility and convergence property when dimension goes to infinity. It is proven in [54] that
E{l[Go] ™I} < E{lIGol™llF} < +eo, 4.7)

and in [55] that Vn > 2, E{|I[Go]™'|I?} < ¢s < +0 in which ¢; is a positive finite constant that is independent of » but
that depends on hyperparameter 6. This invertibility property, which is due to the constraint E{log(det[Gol)} = vg,
with |vg,| < 400, is important for the nonparametric probabilistic approach of model uncertainties and for the con-
struction of prior probability model of elasticity random field (see Section 5). This is the reason why the truncated
Gaussian distribution restricted to M} and the GOE do not satisfy this invertibility condition that is absolutely required
for stochastic modeling of uncertainties in many cases.

(iii) Algebraic representation and generator of realizations. Any random matrix [Go] in SG§ can be written as
[Go] = [L]” [L] in which [L] is the upper triangular random matrix with values in M,, such that:

(a) random variables {[L];»,1 < j < j* < n} are statistically independent.

(b) for1 < j < j <mn, [L]jy = 0,Ujy in whicho, = 6(n+ 1)~1/2 and where U;; is a real-valued Gaussian
random variable with zero mean and variance equal to 1.

(c) for 1 < j < n, [L]j; = 0y \/2V; where V; is a positive-valued Gamma random variable whose probability
density function with respect to dv is

1 1+j
ntl _ 1+J —v

1
Py, (V) = 1o o) (V) ————< va* 2 e, (4.8)
T

ntl o 1=j
5+2)

I3
&

With realizations {U(6);r,1 < j < j < n}and {Vj(0),1 < j < n} for 6§ € O (that are very easy to generate),

the corresponding realization [Go(6)] € M) of random matrix [Gy] is easily constructed using the above algebraic
expressions.

4.4. Ensemble SG; of positive-definite random matrices with a unit mean value and a positive-definite lower bound
This ensemble is derived from ensemble SG{ (see [1]).

(i) Construction of ensemble SG!. A M;-valued random matrix [G] in ensemble SG; has a mean value that is the
unit matrix and has a lower bound that is a positive-definite matrix controlled by an arbitrary positive number &. Any
random matrix in SG is written as

1
[61= ——(Gol +2lL]) . [Gol€SG) . &>0. 4.9)
+ &
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We have 0 < [G/] < [G] a.s., in which the lower bound is the positive-definite matrix [G,] = c.[I,] € M} with
c. =¢/(1+¢).

(ii) Properties and hyperparameter for controlling the level of statistical fluctuations. For all € > 0, we have
E{[G]} = [I,] , E{log(det(IG]-I[G)} =g, , (4.10)

in which vg, = v, — nlog(l + &). The hyperparameter §g of a random matrix [G] belonging to SG;in is defined as
its coefficient of variation,

E{II[G]—E{[G]}II%}}UZ {1 ) }”2
S = =< —E{|[G] -1, . 4.11
o { VI ~E([G] - 1)} @.11)

Consequently, 6 = 6/(1 + €) in which § is the hyperparameter defined for ensemble SG{.

4.5. Ensemble SE! of positive-definite random matrices with a given mean value and a positive-definite lower bound

This ensemble is derived from ensemble SG (see [1] and [54]).

(i) Construction of ensemble SE}. Let [A] be a given matrix in M, for which the Cholesky factorization is written as
[A] = [LA]T [La] with [L4] an upper triangular matrix in M,,. Below, [L4] could be replaced by the square root [4]'/2
of [A]. A M}-valued random matrix [A] in ensemble SE; has a mean value that is the matrix [A] given in M;" and has
a lower bound [A,] = c.[A] € M} with ¢, = &/(1 + ¢€), and is defined by

[A] = [La]"[G][La] , [Gl1€SG; , O0<[A/]<I[A]las.. (4.12)
(ii) Second-order properties and invertibility. It can be seen that any [A] in SE; is such that
E{[Al} =[AleM; . E{I[A]IP} < E(I[A]ll})} < +oo. (4.13)

We have the following invertibility property, which shows that a random matrix in SE} can be used for modelling
the coefficient of a random elliptic differential operator. For all X € L*(®,R"), the quadratic form b, (X,X) =
E{([A]X,X)} is such that bs(X,X) > ¢, E{|[[La] X]I?}, random matrix [A] is thus invertible a.s., and [A]"! is a
second-order random variable,

E{II[A]'IP) < E(ITA]'I7) < +eo. (4.14)

5. Algebraic prior probability model for heterogeneous elastic media

In this section, the developments are devoted to the algebraic prior probability models of random fields, which
are presented in the context of continuum mechanics of heterogeneous materials for 3D linear elasticity of complex
microstructures. These results will be used to build the stochastic homogenized models that will be presented later. In
continuum mechanics, a simple heterogeneous microstructure can be described in terms of constituents, for instance,
a polymer matrix with long carbon fibers. A complex heterogeneous microstructure cannot be described in terms
of constituents, for instance, a live tissue such as a cortical bone. In such a case the random elasticity field cannot
be defined at microscale. Therefore, a random apparent elasticity field is defined at mesoscale and the stochastic
homogenization consists in performing the change of scale from the mesoscale to the macroscale that is characterized
by effective mechanical properties. These effective properties are quasi-deterministic if there is a scale separation,
and are random if not. In this last case, the stochastic homogenization yields random apparent mechanical properties
at macroscale. This section deals with the construction of a prior probability model of the mesoscale apparent random
elasticity field for a 3D linear complex heterogeneous microstructure.
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5.1. Voigt notation of the tensor-valued random elasticity field

Let Q be bounded open domain of R? with generic point & = (&1,&,,&). For all £ fixed in Q, the random fourth-
order elasticity tensor C(§) = {C;jxn(€)}ijin 1s represented in Voigt notation by the random (6 X 6) matrix [C(£)] such
that

[C®I;j = Cijn(@) with i=(,j) and j=(kh), (3.1

with i, j, k, and A in {1,2,3}, and i and j in {1, ..., 6}. Random elasticity field [C] = {[C(§)], £ € Q} is a non-Gaussian
random field, defined on the probability space (O, .7, £?), indexed by Q, with values in M¢. As we have explained in
Section 4, the M¢{-valued random field [C] cannot be Gaussian. Consequently, the only description of second-order
quantities, that is to say, its mean function and its covariance function, are not sufficient. The probability distribution
of the field, that is to say its system of marginal distributions, must be constructed. For this, we will use the algebraic
prior representation of the indirect approach presented in Section 3.1, which will be based on the use of the random
matrix theory presented in Section 4.

5.2. Algebraic prior probability model for heterogeneous anisotropic elastic media

This section deals with the construction of an algebraic prior model of the random elasticity field {[C(§)], & € Q}
defined in Section 5.1, for heterogeneous anisotropic elastic media that exhibit anisotropic statistical fluctuations.
This model was initially introduced in [71, 72], was completed in [246] by introducing lower and upper bounds,
is detailed/summarized in [1, 68], and for which an extension has recently been proposed in [74, 247] to take into
account an uncertain spectrum. For this construction, the developments presented in Sections 4.3 to 4.5 are used.
We have limited the presentation to an algebraic square-type representation. The reader will find also an algebraic
exponential-type representation of the random elasticity field in [1, 73].

(i) Representation of random field [C] with a lower bound and a random germ field with values in ensemble SG{ of
random matrices. It is assumed that {{C(£)], € € Q} ia a homogeneous and second-order random field. Let [C/] be the
given deterministic M{-valued lower bound and let [C] € M{ the mean value, independent of &, of random field [C].
The matrices [C,] and [C] are assumed to be such that the matrix [A] = [C] — [C/] belongs to M{. The algebraic prior
probability representation of [C] is defined by

[CO] = [Ce) + [AI'* [Go(E)1 A, VEeQ, (5.2)

in which [A]"/? is the square root of [A,]. In Eq. (5.2) {{Go(£)],€ € R} is the non-Gaussian second-order random
field, defined on (@, .7, &), indexed by R3, with values in M¢, homogeneous on R3, such that

E{[Go@)) = 5] , Eflog@et[Go(@D} = v,, , Iy |<+eo , VEER®, (53)

in which the real constant Ve, is independent of £ because random field [Gy] is homogeneous. For all £ in Q, we then
have the properties
E([CON=[CleM; , [CEI-ICA>0 aus. 54

(ii) Construction of the random field {[Gy(£)], € € R3} and its generator of realization. The non-Gaussian random
field [Go] is constructed as a nonlinear mapping of 6 X (6 + 1)/2 independent, second-order, centered, homogeneous,
Gaussian, and normalized random fields {%Z(§), € € R3}< i<k<¢ defined on (@, 7, &), indexed by R3, with values in
R. We then have

E(Up@)=0 , EWu@’=1 , 1<j<k<6. (5.5)

The centered Gaussian random fields {Z(§), € € R3}i< j<k<6 are defined by 6 x (6 + 1)/2 autocorrelation functions
{=(01,0,8) = R(l) = E\Uj (€ + §) Up(§)} from R3 into R, such that Rj1(0) = 1. The spatial-correlation lengths
of %j. are defined by

+00
L¥ = / |Rjk(§(a))| déy »g") =0y, a@=1,2,3, (5.6)
0
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and are chosen as hyperparameters. For instance, a possible autocorrelation function is written as

: : ALY o wL

173 k jk _ e 2f Ma
Rjk({) - H(l=1 pé (g&) £ p(’l (é’a) - 7_[2 (% S ZL(]lk ’ (57)
which shows that % is a mean-square continuous random field on R3, whose power spectral density function on R*
has the compact support, H?r:l [—ﬂ/L{,k , ﬂ/Lék]. Such a model has 3 X 6 x (6 + 1)/2 real hyperparameters. Random

field {[Go(€)], € € R3} and its generator of realizations are constructed following Section 4.3-(iii). For all § in R3, we
have [Go(&)] = [L(&)]” [L(&)] in which [L(£)] is an upper (6 X 6) real triangular random matrix such that:

(a) random fields {[LL(&)], € € Q},1 < j < k < 6, are statistically independent.

(b) for1 < j<k <6, [L(é)]jx =06 %(€) in which o = 6/ V6 + 1.

(¢) for 1 < j <6, [L(&)]j; = 06 \/2v(a;, %;j(§)) in which a; = (6 + 1)/(26%) + (1 = j)/2 and where function
u — y(a,u) is such that I', = y(a,U) is a gamma random variable with parameter @ and where U is a
normalized Gaussian random variable.

The realizations of {Zj(€),£€ € R®} for 1 < j < k < 6 are constructed using a generator of Gaussian homogeneous
random fields [60, 62, 71]. From the above algebraic expressions, it can then be deduced the realizations of random
field {[Go(é)].€ € R?}.

(iii) Hyperparameter s of the algebraic prior probability model of random anisotropic elastic field [C]. The components
of hyperparameter s, which belongs to the admissible set 6, c R™, of the algebraic prior probability model of random
anisotropic elastic field {[C(€;5)], & € Q} are made up of the reshaping of [C,] € M{ (lower bound) and [C] € M{
(mean value), the 3 X6 X (6 + 1)/2 spatial-correlation lengths {L{k, Lék, Lék}ls Jj<k<6- and the dispersion parameter 6 with
0 < 6 < V(6 + 1)/(6 + 5) that controls the level of anisotropic statistical fluctuations.

(iv) Case of an uncertain spectrum. The power spectral density functions on R associated with the autocorrelation
functions of random fields {Zx(€), € € Rs}lsjskSG are deterministic. In [74], an extension is proposed for stochastic
elliptic operators defined by non-Gaussian random fields with uncertain spectrum. An application is also presented,
which is devoted to the computational stochastic homogenization of heterogeneous media for which the elasticity
random field has an uncertain spectral measure.

5.3. Algebraic prior stochastic model for heterogeneous elastic media with statistical fluctuations in a symmetry class
and with anisotropic statistical fluctuations

This section deals with the construction of an algebraic prior model of random elasticity field {[C(§)],£ € Q}
defined in Section 5.1, for a heterogeneous elastic medium, which exhibits both statistical fluctuations in a given
symmetry class (corresponding to a material symmetry) and anisotropic statistical fluctuations around this symmetry
class, the two statistical fluctuations being controlled independently. This model has been introduced in [248, 249]
following a first version proposed in [250] on the base of [251]. For this construction, the developments presented in
Section 5.2 are used. It should be noted that a survey on the second-order description of mean-square homogeneous
random fields can be found in [70] (but this paper does not consider the construction of probability measures that are
required for non-Gaussian random fields).

(i) Hypotheses on the statistical fluctuations. We consider a 3D heterogeneous elastic medium with random elasticity
field {[C(&)], € € Q}. For all £ fixed in Q, elasticity random matrix [C(§)]:

(a) is, in mean, close to a given symmetry class (independent of ), corresponding to a material symmetry.

(b) exhibits more or less anisotropic statistical fluctuations around this symmetry class.

(c) exhibits a level of statistical fluctuations in the symmetry class, which must be controlled independently of the
level of anisotropic statistical fluctuations.
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(ii) Notation and properties for positive matrices with symmetry classes. A given symmetry class is defined by a subset
sym

M™ < M¢ such that, any matrix [M] in M{™ exhibits the given symmetry and can be written as

[M]=> m[E?™] . [E}"]eM, (5.8)
=1
in which {[E_Siym], j=1,...,ny,}is amatrix algebraic basis of M{"™ (see the Walpole tensor basis in [252, 253]), where
Nyw < 6 X (6 + 1)/2, and where m = (my,...,m, ) € Gm C R™n, in which the admissible subset Gy, of R™m is
defined by
Nsym
Gm={meR™ | Y m[EY"] € M{}. (5.9)

J=1

The matrices [Ejym] are symmetric (belong to M), but are not positive definite (do not belong to M{). The dimension
n,, of the symmetry class is equal to: 2 for isotropic, 3 for cubic, 5 for transversely isotropic, 6 or 7 for trigonal, 6
or 7 for tetragonal, 9 for orthotropic, 13 for monoclinic, and 21 for anisotropic symmetry. If [M] and [M’] belong to
MZ™, then it can be proven that

MM eMZ™ M eM?™ |, [M]'2eMP™. (5.10)

Any matrix [N] belonging to M™ can be written as

Rgym

NI = expu(@AD o [AT=D yiIEP™ , y=0nYn,.) €R™, (5.11)

=1

in which expy, is the matrix exponential from M3 (R) into M (R). It should be noted that matrix [.#] is a symmetric
real matrix but does not belong to MY™(R) (because y is in R"»™ and therefore, [.#'] is not a positive-definite matrix).

(iii) Algebraic prior stochastic model for the random elasticity field with material symmetries. Let {[C¢(€)],& € Q} be
the given M¢-valued lower-bound field and let {[C(§)] = E{[C(£)]}, € € Q} be the given M{-valued mean field. It is
assumed that these two deterministic fields are such that, for all £ in Q, [K(€)] = [C(€)] — [C(§)] belongs to M{. The
prior stochastic model is then defined by

[CEOI=[CH] +[KE] , VE€Q, (5.12)
in which {[K(€)], ¢ € Q} is the M{-valued random field with E{[K(§)]} = [K(§)], defined by

(K@) =[SO [AG]'*[GoOT AN [S(£)]. (5.13)

In Eq. (5.13), the random field {[A(£)], £ € Q} and the field {[S(§)], & € Q} are defined as follows.

@) {[Go(&)], ¢ € Q} is the M{-valued random field defined in Section 5.2-(ii), which is such that E{[Go(£)]} = [I¢]
and for which the level of statistical fluctuations is controlled by hyperparameter 6.

®) {[A)], & € Q}isa M;y"‘—valued random field, which allows for generating statistical fluctuations in the sym-
metry class, and is assumed to be statistically independent of random field [Gy]. For all € in Q, E{[A(§)]} =
[A(€)] = PY™([K(€)]) in which P¥™ is the projection operator in the symmetry class from M¢ in M’ ™. The
random matrix [A(§)] is defined by

[A©)] = [AE)]'AINE)] [AG]?. (5.14)

The non-Gaussian Mg"-valued random field {[N(£)], ¢ € R?} is such that E{[N(£)]} = [/¢] and is constructed
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such that

Ngym

NI = expy(IN@D . INEI=D_ YiEIE™, (5.15)

J=1

in which {Y(£),& € R3} is a non-Gaussian, homogeneous, second-order, mean-square continuous random
field indexed by R3, with values in R"m_ which is constructed using MaxEnt under the available informa-
tion E{[N(&)]} = [/s] and E{log(det(IN(£)])} = v, (&) with |v, (€)| < +oo, in which the field v, is supposed to
be known. The hyperparameters of random field [A] are [A], the 3 X n,,, spatial correlation lengths, and d4 that
controls the level of statistical fluctuations in the symmetry class (the details of this construction can be found
in [248]).

(c) The Mg-valued deterministic field {[S (£)], € € Q} is constructed as follows. Let us consider the Cholesky fac-
torizations [K(£)] = [Lg(£)]" [Lg(€)] of [K(£)] € Mg and [A(£)] = [La(©)]" [La(é)] of [AE)] = PY"([K(&)]) €
Mg™ in which [Lg(€)] and [La(€)] are upper triangular matrices. Then, we have [S ()] = [La(&)]7"' [Lk(&)]
yielding [K(£)] = [S(E)]" [A@)][S(&)].

6. Illustrations in stochastic homogenization of heterogeneous materials at microscale and nanoscale

Two illustrations are presented. The first one deals with a probabilistic analysis of the representative volume
element size in stochastic homogenization of a heterogeneous complex microstructure for which the random medium
at mesoscale has anisotropic statistical fluctuations [72]. The random elasticity field is thus modeled with the algebraic
prior probability model presented in Section 5.2. The second one is devoted to the stochastic modeling of random
interphases from atomistic simulations for a polymer nanocomposite and its identification solving a statistical inverse
problem [254]. An equivalent model in continuum mechanics is considered in interphase region that has a finite
thickness (it is not a perfect interface). In this region, the random elasticity field is modeled using the algebraic prior
stochastic model with statistical fluctuations in a symmetry class, presented in Section 5.3.

6.1. Probabilistic analysis of the representative volume element size in stochastic homogenization of a heterogeneous
complex microstructure

The homogenization of elastic materials with heterogeneous microstructures composed of several phases with well
defined constituents (from a continuum mechanics point of view) and the calculation of the macroscopic properties
(effective properties) have received considerable attention (see for instance [255, 256, 257, 258, 259, 260, 261, 262,
263, 264, 265]), for stochastic homogenization (see [266, 267, 268, 269, 270,271, 272,273, 274]). In the field of linear
and nonlinear mechanics, it should also be noted the works devoted to computational multiresolution materials and
multiscale method (see for instance [246, 254, 275, 276, 277, 278, 279, 280, 281]), and more recently, for data-driven
and machine learning approaches applied to heterogeneous materials (see for instance [282, 283, 213, 284, 149, 217,
219, 242]). In linear elasticity, the random microstructure can be homogenized if there exists a Representative Volume
Element (RVE) for which the random fluctuations of the random effective stiffness tensor around its statistical mean
value are "negligible”. The analysis of the RVE size has received a particular attention (see for instance [285, 286, 287,
288, 289, 290]). Often, the statistics-based bounding techniques only use the lower-order statistics (first- and second-
order moments). The probability distributions, which give the detailed probabilistic information, are not taken into
account. It should be noted that generalized continuum theories have been widely used for describing microstructure-
dependent mechanical effects in granular materials [291, 292, 293] and in metamaterials [294, 295, 296, 297, 298,
299, 300]. Although deterministic models cannot appropriately describe the behavior of such real physical systems,
very few works consider uncertainties in the framework of generalized continua such as [301, 302, 303, 304]. In
[305], uncertainties are taken into account in granular second-gradient models.

For elastic heterogeneous complex microstructures that cannot be described in terms of microscale constituents
(such as living tissues for which constituents/phases cannot be described at the microscale), a stochastic homog-
enization has been proposed in [72] on the base of a stochastic modeling at mesoscale of the apparent elastic-
ity field. This approach is summarized in this section. It should be noted that the hyperparameters of the prior
probabilistic model can be identified from experiments by solving an inverse statistical problem as proposed in
[242, 149, 217, 306, 307, 175, 308, 309, 310, 73]. In this section, we consider a heterogeneous complex elastic
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microstructure that occupies the open bounded domain Q = (J0, 1D? of R3. The notations introduced in Section 5.1
are reused. At mesoscale, the microstructure is modeled as a random continuum medium.

(i) Stochastic elliptic boundary value problem for computational stochastic homogenization. For all m and r in {1, 2, 3}
the unknown random displacement field is the R3-valued random field (Y™ (£) = (Y"(€), Y37 (£), Y27 (£)), € € Q}
defined on (@, .7, &), indexed by Q, such that for i = 1,2, 3, and almost surely,

0

— 2 (Cijpg© (Y (€) =05, VE€Q, (6.1)
0¢;

Y"(@E) =y, VE€OQ, 6.2)

in which the strain tensor is &,,(y) = (9y,/0&,+0y,/0&)/2 for ally = (y1, y2, y3). Forall § € 0Q, yg" = (v0'1, Y02, Y0.3)
is defined by
Yo = Ojm&r +6;rEm)/2 . j€{1,2,3}, (6.3)

in which ¢, is the Kronecker symbol. At mesoscale, the linear elastic heterogeneous medium is described by the
random apparent elasticity field {C(£),& € R?}, which is a non-Gaussian fourth-order tensor-valued random field
C = {Cijpglijpg With i, j, p, and ¢ in {1,2,3}, defined on (@, 7, &?). The stochastic homogenization consists, for
i, j, m, and r in {1,2,3}, in analyzing at macroscale the component Cf;ﬁnr of the random effective elasticity tensor
{C Jijmr» which is defined [257, 259] by

ijmr

" 1
C??mr = 00 / Ciqu(f) gpq(Ymr(f)) d§9 (64)
1 Jo

in which Y is the R*-valued random field that satisfies Eqs. (6.1) to (6.3) and where |Q| = fQ dé. The random
effective elasticity tensor C is symmetric and positive definite almost surely. Using the Voigt notation defined in
Section 5.1, the tensor-valued random elasticity field {C(§),& € Q} is represented by the M{-valued random field
{{[C(&)]. € € Q} and the random effective tensor C* is represented by a M{-valued random matrix [C*"]. If there is
a scale separation (which means that Q is effectively a RVE, then [C*"] is quasi-deterministic and is the effective
elasticity matrix. If not, Q is not a RVE and [C®"] is a random matrix with significant statistical fluctuations, which is
an apparent elasticity matrix at macroscale, independent of €.

(ii) Prior probabilistic model, computational model, and its strong stochastic solution. The probability model of
random field {[C(£)],&é € Q} is the algebraic prior probability model for heterogeneous anisotropic elastic media
presented in Section 5.2 for which the hyperparameters (see Section 5.2-(iii)) are defined as follows. The mean value
[C] € M¢ is the elasticity matrix of a homogeneous anisotropic linear elastic microstructure, defined by equation
(70) of [72]. The lower-bound matrix is chosen as [C;] = (g/(1 + €))[Is] with & = 107°. The dispersion parameter
0, which allows the level of anisotropic statistical fluctuations to be controlled, is chosen as 6 = 0.4. The spatial-
correlation lengths, which are defined by Eq. (5.6), are generated from a value L, such that L{k = Lék = Lgk = L, for
1 £ j < k < 6 and the autocorrelation functions are defined by Eq. (5.7). We then introduce the spatial-correlation

length LS = 0+°° [r°(0) dZ, related to the random field [C], in which £ + r¢({) is a correlation function on R,

tr E{([C(£ + k()] = [CH(CE]1-[C)
E(I[C@E] - [C1IZ) ’

in which k() = (£, 0, 0) (note that the result would the same if x({) was equal to (0, £, 0) or to (0, 0, {)). In such a case,
LS =1.113L,. For Ly = 0.1 and 6 = 0.4, Fig. 1-(a) displays the graph of the correlation function ¢ + r¢({) defined by
Eq. (6.5). Under the introduced hypotheses, it is proven (see Proposition 5.1 in [74] using a deterministic spectrum)
that the weak formulation of the stochastic elliptic boundary value problem admits a unique strong stochastic solution
that is a second-order random field, E{||[Y"" (€)|?} < +o0, Y& € Q. The stochastic computational model is obtained by
discretizing the weak formulation of the boundary value problem with the finite element method. The approximation
of the strong stochastic solution is constructed using the Monte Carlo simulation method (see for instance, [311, 120])
for which the mean-square convergence of the operator norm of the random effective elasticity matrix is obtained for
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900 realizations.

(iii) Probabilistic analysis of the RVE size. We introduce the normalized random variable Z = || [C*T]||/E{|| [C"] ||}
For 6 = 0.4, Fig. 1-(b) displays the graph of the function 8 — P(8) = Proba{l — 8 < Z < 1 + B} that shows
the evolution of the probability distribution of Z as a function of L,. For instance, for L; = 0.2, if we consider
B =0.02, 0.04, and 0.08, this figure shows that Proba{0.98 < Z < 1.02} = 0.36, Proba{0.96 < Z < 1.04} = 0.65, and
Proba{0.92 < Z < 1.08} = 0.95. Clearly, the scales are badly separated for the value 0.2 of L;. It can also be seen that
the scales are reasonably well separated for L; = 0.1.

1.
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(a) Correlation function ¢ + r({) (b) Graph of function 8 — P(B)

Figure 1: For § = 0.4, figure (a) displays the graph of correlation function for L; = 0.1 (horizontal axis ¢, vertical axis r°({)); figure (b) shows the
graph of function 8 — P(8) = Proba{l — 8 < Z < 1 + g} for L; = 0.1 (circle), 0.2 (no marker), 0.3 (square), 0.4 (no marker), 0.5 (triangle-up), 0.6
(no marker), 0.7 (triangle-down). [Figure from [72]].

6.2. Stochastic continuum modeling of the random interphase of a polymer nanocomposite using atomistic simula-
tions and a statistical inverse problem

A specificity of nanoreinforced composites is the existence of an interphase region surrounding an inclusion,
which has a finite thickness (not reduced to a perfect interface). Within this region the polymer chains exhibit con-
formational and geometrical properties that are different from those in the bulk polymer phase. A lot of experimental
characterization of these properties have been carried out (see for instance [312, 313, 314, 315, 316]). These observa-
tions are well correlated by atomistic simulations and highlights a preferred orientation of the polymer chain segments
tangentially to the particle surface [317, 318, 319, 320, 321, 322].

The application presented below deals with the continuum mechanics of a polymer system reinforced by a
nanoscopic inclusion of silica [254] and is a complementary and fundamental aspect of model construction and in-
verse calibration based on atomistic simulations. The elastic properties of the interphase is modeled by a non-Gaussian
tensor-valued random field. Molecular dynamics simulations are used to infer some basic properties and to construct
a simulated database devoted to the model calibration. This identification step is subsequently addressed by solving
a statistical inverse problem stating the equivalence of the apparent properties obtained from atomistic computations
and those estimated from stochastic homogenization in a continuum mechanics formulation. Let Q be the interphase
region between the polymer matrix and a silicon nanoinclusion inserted in the polymer. It is assumed that

(a) the prior stochastic model {[C(£)], & € Q} of the random apparent elasticity field in the interphase region Q) with
a given symmetry class is an adaptation (see [254]) of the one presented in Section 5.3.

(b) the molecular dynamics is used to generate atomistic simulated data that are used for identifying random field
{[C(&)], € € Q} in the context of continuum mechanics.

(c) the identification of the prior stochastic model is carried out by solving a statistical inverse problem.

Molecular dynamics (MD) modeling and atomistic simulations. The amorphous polymer is made up of long chains
with CHj sites, represented through a coarse graining with harmonic potentials and the Lennard Jones potential. The
silicon nanoinclusion is made up of amorphous bulk of SiO, molecules described in terms of Si and O atoms, with
Coulomb potential. The interaction CH, - SiO; is modeled by a Lennard Jones potential (see for instance [323]).
The MD simulations [324] is performed with a target volume fraction of 4.7% in the atomistic domain €, that is a
cube of 6.8 x 10~ m side, which contains 10 polymer chains. Each polymer chain is made up of 1000 CH; sites
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yielding a total of 10000 CH,. The SiO, nanoinclusion is a sphere of 3 x 10~ m diameter with 275 Si atoms and
644 O atoms. The temperature is 100 °K and the pressure is the control variable. Six mechanical tests in traction and
shear are simulated. A time-spatial averaging is performed for estimating the apparent strain that allows for deducing
realizations of the random apparent elasticity matrix [C*PMP] related to domain Q, in the sense of the continuum
mechanics. Figs. 2-(a) and (b) show a visualization of an instantaneous configuration of the polymer chains and of the
atoms of the inclusion. Fig. 2-(c) displays the polymer density p" in the nanocomposite divided by the pure polymer
density p” as a function of the distance » from the center of the sphere representing the silicon nanoinclusion. This
figure shows that the interphase thickness, ¢, is between 2 X 10 mand 3 x 1072 m.

b

P N t (nm)

3 4 5 6 Buk 7
Silica Interphase _olymer

(a) Instantaneous configuration (b) Instantaneous configuration (c) Function r = (p" /pP)(r)

Figure 2: Figures (a) and (b): visualization of an instantaneous configuration of the polymer chains and of the atoms of the inclusion. Figure (c):
polymer density p” in the nanocomposite divided by the pure polymer density p? as a function of the distance r (in nanometer) from the center of
the sphere representing the silicon nanoinclusion. [Figure from [254]].
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Figure 3: Figure (a): 3D view of the meshed continuum model (the inclusion appears in magenta (or in dark gray), the interphase in white and the
polymer matrix in turquoise (or in gray)). Figure (b): plot of a realization of component (1, 1) of the identified random elasticity field [C(€)];; (in
GPa) in the interphase domain. [Figure from [254]].

(ii) Continuum mechanics model and prior stochastic model of the elasticity field describing the interphase. A con-
tinuum mechanics model is constructed. The finite element method is used for solving the 6 stochastic BVP cor-
responding to the 6 mechanical tests. The stochastic computational model is made up of 190310 finite elements.
Fig. 3-(a) shows a 3D view of the meshed continuum model. In the interphase region 2 whose thickness is ¢, the
prior stochastic model of the elasticity field {[C(§)], & € Q} is constructed as explained in Section 5.3. There are only
statistical fluctuations in the class of transversally isotropic material symmetries in the spherical coordinates (7, ¢, i)
in the orthonormal spherical frame (e,, e,, e,). The hyperparameters are the dispersion parameter ¢ related to the
statistical fluctuations in the symmetry class, the spatial-correlation length L, along the radial direction e,, and the
spatial-correlation length L, along the two directions e, and ey (assuming a same value). The Silica inclusion and
the polymer bulk are linear elastic, isotropic, homogeneous, and deterministic media, for which the elastic properties
(bulk and shear moduli) have been estimated from the MD simulations.

(iii) Statistical inverse problem and results. The maximum likelihood method is used for estimating the optimal
values of the hyperparameters of {{[C(£)],§ € Q}. The observed random quantity is the random apparent elasticity
matrix [C?P] related to domain Q,. The probability density function of [C*P] is estimated by using realizations
that are computed by stochastic homogenization, using the finite element solutions of the 6 stochastic BVP with
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the prior stochastic model {[C(£€)],& € Q} in the interphase region Q C Q,. The likelihood function is estimated
with the realizations of [C*PMP] that has been computed with the MD simulations (considered as the experiments).
The optimal values of the hyperparameters are § = 0.2, L, = t/4, and L, = 3.5 x 10~ m. Fig. 3-(b) displays a
realization of component (1, 1) of the identified random elasticity field [C(£)];; (in GPa) inside the interphase domain
(relatively close to the exterior boundary surface of the interphase domain) and computed with the optimal values of
the hyperparameters.

7. Probabilistic Learning on Manifolds (PLoM) as a machine learning tool for small dataset and probabilistic
inference

The probabilistic learning is a very active domain of research for constructing surrogate models (see for instance,
[325, 229, 326, 44, 233, 235, 239]). Probabilistic Learning on Manifolds (PLoM) is a tool in computational statistics,
introduced in 2016 [230] and which can be viewed as a tool for scientific machine learning. The PLoM approach
has specifically been developed for the small dataset cases [230, 232, 234, 149, 236]. The method avoids the scat-
tering of learned realizations associated with the probability distribution in order to preserve its concentration in the
neighborhood of the random manifold defined by the parameterized computational model. This method allows for
solving unsupervised and supervised problems under uncertainty for which the training datasets are small. This situ-
ation is encountered in many problems of physics and engineering science with expensive function evaluations. The
exploration of the admissible solution space in these situations is thus hampered by available computational resources.

Several extensions have been proposed to take into account implicit constraints induced by physics, computational
models, and measurements [240, 241, 242], to reduce the stochastic dimension using a statistical partition approach
[238], and to update the prior probability distribution by a target dataset whose points are, for instance, experimental
realizations of the system observations [243]. Consequently, PLoM constrained by a stochastic computational model
and statistical moments or samples/realizations allows performing probabilistic learning inference and constructing
predictive statistical surrogate model for large parameterized stochastic computational models. This last capability
of PLoM can also be viewed as an alternative method to the Bayesian inference for the high dimension [143, 327,
20, 145, 146, 147, 148, 7, 328, 160] and is a complementary approach to existing methods in machine learning for
sampling distributions on manifolds under constraints (although a Bayesian inference methodology has also been
developed using the probabilistic learning on manifolds for the high dimensions [149]).

PLoM has successfully been adapted to tackle these challenges for several related problems including nonconvex
optimization under uncertainty [211, 213, 212, 114, 215, 329, 218, 330], fracture paths in random composites [331],
ultrasonic transmission technique in cortical bone microstructures [149], updating digital twins under uncertainties
[219], updating of under observed dynamical system [220], calculation of the Sobol indices [332], dynamic monitoring
[333], surrogate modeling of structural seismic response [334].

In this section, we present a brief overview of this method and we will present an application to the homogenization
of heterogeneous microstructures in continuum mechanics.

7.1. Setting the problem of the probabilistic learning on manifolds

The probabilistic learning on manifolds in presented in the context of the supervised learning, which is adapted to
the framework of computational mechanics and engineering science.

(i) Statistical surrogate model of a parameterized solution of a stochastic computational model. We consider the
following equation
Q=fW,U, (7.1)

associated with a parameterized stochastic computational model, obtained by the discretization of a parameterized

stochastic BVP. In this equation,

(a) W is a control parameter that is a R™-valued random variable defined on the probability space (®, 7, &) with
a given prior probability distribution Pyw(dw) whose support is %,, C R™".

(b) U is an uncontrolled parameter that is a R"-valued random variable defined on (®, .7, ?) with a given prior
probability distribution Py(du), which is assumed statistically independent of W.
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(c) Qs the quantity of interest (Qol) related to system observations, which is a R"-valued random variable defined
on (0, .7, &) and depending on W and U, as formulated by Eq. (7.1).

(d) (w,u) — f(w,u) is a measurable mapping from R™ x R™ into R™ , which is not explicitly known and which is
indirectly constructed by solving the parameterized stochastic computational model.

(e) We define the stochastic mapping F on (@, .7, &) such that, for all w in R, F(w) = f(w, U). The stochasticity
of F comes from the randomness of the uncontrolled parameter U. The random graph {(w,F(w)),w € R™}
defined a random manifold in R™ with n, = n,, + n,, which can be viewed as a statistical surrogate model
associated with the parameterized stochastic computational model, and which is completely defined by the joint
probability distribution Pw o(dw, dq) on R™ x R". Consequently, Pw q(dw, dq) is concentrated in a subset of
R™ x R" located in the region of the random manifold. It should be noted that, in this context, the surrogate
model is defined in a statistical framework and not using any algebraic representation.

Let X = (W, Q) be the random variable, defined on (®, .7, &), with values in R"* = R™ x R", whose probability
distribution Px(dx) on R™ is concentrated in a subset of R™ due to the random manifold defined by the random graph
{(w,F(w)),w € R™}. In the following, we will assume that Px(dXx) is written as Px(dx) = px(x) dx in which px is the
pdf on R™:, which is concentrated in a region of R".

(ii) Training dataset for random vector X. A generator of the prior probability distributions Pw(dw) and Py(du) has
to be constructed (based on theAdirect or the indirect approach as explained in Section 3.1) and is used for constructing
ny independent realizations wd = W(#’) € R™ and ud = U(#’) € R, ¢/ € O, of the random variables W and U.
For each realization (W), ud) of (W U), the computational model is used for calculatlng the corresponding realization
qd = Q(¢) € R™ such that qd = f(wd,ud) The corresponding realization Xd = X(#/) € R™ of X is then written
as xd = (wd, qd). For each realization 6/, a deterministic calculation is thus carried out with the computational
model. Often, the n, realizations are performed using parallel calculation. The training dataset &,,(x), made up of
ny independent realizations xi, € R of the R"-valued random variable X whose probability distribution is Px(dx) on
R"s, is then defined by ‘ o

D (X) = (X, = (Whq)), j=1,....n4}. (7.2)

It is assumed that the calculation of a single realization with the computational model is expensive and consequently,
the number n, is small, which means that Z,,(x) is a small dataset and not a big dataset. Under this assumption,
PLoM will be an adapted machine learning tool.

(iii) Role played by the learned dataset generated by the probabilistic learning on manifolds for the construction of
statistical surrogate models. The construction of a statistical surrogate model can be defined as follows. From the n,
realizations of the training dataset, we have to estimate the joint probability distribution Pw o(dw, dq) on R™ x R" of
(W, Q) and more particularly, the conditional statistics such as the conditional probability distribution P(dq; w) of Q
given W = w, for any w given in 6,

P(dq;w) = Pow(dqlw) , WwWeE%E, (7.3)

or to estimate the conditional expectation h(w) of H(Q) given W = w, in which q — H(q) a given measurable
mapping from R™ in R™,

h(w) = E{H(QIW = w} = /R H(@) Pow(dqlw) . WEeG,. (1.4)

Note that the non-Gaussian probability distribution Px(dx) of X = (W, Q), which is concentrated in an unknown
region of R™, is unknown but can be estimated with nonparametric statistics using the training dataset, Z,,(x) =
{x),j=1,...,nq) of length ny.

Under the introduced hypothesis, the training dataset is small due to a high numerical cost of a single evaluation
q = f(w), ud) using the computational model. Therefore, n; will be, in general, not sufficiently large for obtaining a
good convergence of the estimate P")(dq; w) towards P(dq; w) or the estimate h"(w) towards h(w) for all w in G,
For circumventing this difficulty, one way is the use of the probabilistic learning on manifolds. It allows to generate a
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learned dataset P, (X) constituted of ny,, > n, learned realizations (resampling) of X,
%eam(x) = {Xf;amv € = 1’ ) nleam} ) (75)

keeping the concentration (for illustration, see Fig. 4-(b)), that is to say by avoiding the scattering of the learned
realizations for which the concentration is lost (see Fig. 4-(c)). Then, the convergence of the conditional statistics are
obtained in estimating those with Z.,,(X) instead of Z,,(x), that is to say, using the learned realizations wfeam and
q’,,, of random variables W and Q, such that

¢ l ¢
(Wleam’ qleam) = Xleam > f = 1’ o5 Mearn - (76)

7.2. Methodology and algorithm of the probabilistic learning on manifolds (PLoM)

In this section we summarized the methodology and the algorithm of the probabilistic learning on manifolds
[230, 236]. We will present some illustrations showing the capability of the PLoM algorithm. In particular, we
will show how a general nonconvex optimization under uncertainties (OUU) and under nonlinear constraints can be
solved with a limited number of function evaluations of the parameterized stochastic computational model by using
the PLoM approach. For certain challenging applications, we will also present how the normalization can be preserved
by introducing constraints and we will also introduce the extension of PLoM with partition [238]. The algorithm with
constraints that is useful for the probabilistic learning inference will be presented in Section 7.3.

7.2.1. Summary of the methodology and algorithm
The methodology is described by the following steps, each one participating to the PLoM algorithm.

(i) Defining the random matrix [X], its realization [x4] from the training dataset, and the estimates-based second-
order moments. Let [X] = [X',...,X"™] be the random matrix defined on (®, .7, &), with values in M, .», such that
[X]=[X',...,X"™] whose columns are n, independent copies of random vector X. Let [x,] be the matrix defined by

g =[x}...X51 € My, (1.7)
whose columns are the n,; realizations of the training dataset Z,,(x). Consequently, [x,] is a realization of [X]. Let

[x] be the matrix in M,,_,,, whose columns are identical and equal to the empirical estimate x € R™ of the mean value
my = E{X} € R" of random vector X. We then have,

1 .
[X]=[x..X] €My, . x=— > xjeR". (7.8)

ng =
The empirical estimate [Cx] € M;? of the covariance matrix [Cx] = E{(X —myx) (X —mx)"} € M;" of X is,

[Cx] =

X lx” e M [x] = [xa] = [x] €My, » (7.9)
ng — 1 *

in which [x,.] is the matrix of the centered realizations of the training dataset.

(ii) Reduced normalized random matrix [H] and its realization [ny4] constructed by using the principal component
analysis (PCA). Let [u] be the (v X v) diagonal matrix of the v positive eigenvalues p; > ... > p, > 0 of matrix
[Cx] € MZO defined by Eq. (7.9) and let [¢] € M,_, be the matrix whose columns are the associated eigenvectors

@', ..., ", which are such that [Cx] ¢? = e ¢ with [¢]” [¢] = [I,]. The reduced normalized representation [X®] of
[X] of order v < n, — 1, is constructed using the training-dataset-based PCA of X and is written as

(X = [x] + [¢] [1]"? [H], (7.10)
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in which [H] = [H, ..., H%]is a M, ,,-valued random matrix,
[H] =[] ()" (IX] - [x]). (7.11)

whose columns are n, independent copies of a random vector H with values in R”. The realization [7,] = [1]}1 e
M,,», of [H] is then computed by,
[7a] = (11711 [xe]. (7.12)

Consequently, the training dataset %,,(17) of random vector H is made up of the n; independent realizations nﬁ eRY
and we have,

D) = {n} ...} (7.13)

The value v is classically calculated in order that the L?- error function v > errx(v) defined by

Eézl Ha

errx(v) = 1 — = — | (7.14)
. tr[Cx]
be smaller than &pc,, in which tr[@x] = || [x.] II%v /(ng—1). The empirical estimates n,€ RY and [6}1] € M of the mean
value and the covariance matrix of H, calculated with the independent realizations l]},, e, qz" are such that
n,=0, . [Cul=IL]. (7.15)

Consequently, the components of H are centered and orthogonal in L?(®, R”) and therefore uncorrelated. If v < n,— 1,
then there is a normalization and a statistical reduction. If v = n, — 1, there is only a normalization. It should
be noted that, although the components of H are uncorrelated, they are not statistically independent because H is a
non-Gaussian random variable.

Often, n, is very large gnd v < ng. In this condition, matrices [u] and [¢] are not computed by solving the eigen-
value problem related to [Cx] but are computed by extracting the v largest singular values s; > ... > s, > 0 and the
associated left orthonormal vectors gol, ...,¢” of matrix [x.] (without computing matrix [6)(]). The singular value
decomposition of [x.] is written as [x.] = [¢] [s][¥]” and consequently, yields the eigenvalue u, = 5(21 /(ng — 1) and
the associated eigenvector ¢* fora =1,...,v.

(iii) Estimating the pdf of random matrix [H] with the training dataset 9,,(n)) and the nonparametric statistics. The
probability density function [] — p([n]) defined on M,,, with respect to the measure d[n] = H}’,zlﬂyi | dnqj of
random matrix [H] is estimated using the multidimensional Gaussian kernel-density estimation (KDE) [26] and the
training dataset %, (1) defined by Eq. (7.13). The modification proposed in [88] is used for constructing the Gaussian
KDE, which yields

puy(n) =102 puem) . [l =1[n'...0"], (7.16)
=13 L e i S L R (7.17)
nq =1 (@ﬁ)v 282 7 s ¢ ’ '

in which § = sg (5% + (ng — 1)/’%1)_1/2 where sg; = (4/(ng(2 + )™ is the Silverman bandwidth. Since
H!,...,H™ are n, independent copies of H, we have pgy = pyt = ... = pgw. Note that with this modification,
the normalization of H is preserved for any value of ny,

1

E{H} = dn = =0,, 7.18
{H} Aﬁm@n 2ol (7.18)

§ (ng = 1)

2 nyg

E(HH"} = / nn’ pu(p)dn =[]+ [Cul = [1,]. (7.19)
Rv

(iv) Construction of a truncated diffusion-maps basis. For preserving the concentration of the learned realizations
in the region in which the points of the training dataset are concentrated, PLoM introduces an algebraic basis of the
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vector space R™, derived from the diffusion-maps method [335, 336] that consists in constructing a Markov chain
between the pairs of points of the training dataset. This algebraic basis will allow for integrating a local geometry
information in the learned probability distribution of H for preserving its concentration property. Let [K] and [b] be
the matrices such that, for alli and jin {1,...,ng},

ng
[Kij = expl—(4 &) I = miIPy . [blij =6k . bi=» [Kli, (7.20)
j=1

in which &,y > 0 is a smoothing parameter. Note that this kernel is well adapted to the R”-valued random variable
H that is centered and with a covariance matrix that is equal to [/,]. The eigenvalues «i, ..., k,, and the associated
eigenvectors Y!, ...,y of the right-eigenvalue problem [P] ¢ = k, Y* are such that 1 = k| > k2 > ... > k,, and are
computed by solving the generalized eigenvalue problem for symmetric matrices with [b] a positive-definite diagonal
matrix, [K]1¥? = &, [b]1y® with ((b] ¥, y*) = Oqp- It can easily be seen that the largest eigenvalue is x; = 1 and the
associated eigenvector ¢! is a vector whose all its components are equal. For a given integer £ > 0, the diffusion-

maps basis {g',...,g%...,g"} is a vector basis of R™ defined by g* = el Y“. For a given integer m, the truncate
diffusion-maps basis of order m is defined as the family {g!,...,g"} that is represented by the matrix [g,,] such that
[gm] = [g1 ... g"1 € My, m, with g = (g7, ... ,gﬁd) and [gn]¢e = g7 - This basis depends on two parameters, &y and m,

which have to be identified. It is proven in [236], that the PLoM method does not depend on £ that can therefore be
chosen to 0. We have to find the optimal value mgy; < ng of m and the smallest value g > 0 of &y such that (see
[238])

L =k1 > K2(Eopt) = ... = Kingpy (Eopt) > Kingpy+1(Eopt) = - .. = Kn,(Eopt) > 0, (7.21)

with an amplitude jump equal to an order of magnitude (a factor 10 as demonstrated in [236]) between K, (€opt) and
Kmolerl(Eopt). A further in-depth analysis makes it possible to state the following algorithm to estimate gqpc and mgp.
Let &py +— Jump(epy) be the function on ]0, +oo[ defined by Jump(epy) = Kmopt+1(<9DM) /k2(&py)- Finally the last version
of the algorithm proposed in [238] is the following:

- set the value of m to moy = v + 1

- identify the smallest possible value g, 0f &y in order that Jump(g,p) < 0.1 and such that Equation (7.21) be verified.

(v) Generator of learned realizations of random matrix [H]. The algebraically independent vectors g!,...,g" € R™
span a subspace of R"™ that characterizes, for the optimal values mqp and g, of m and &y, the local geometry structure
of dataset {né, Jj =1,...,n4}. So the PLoM method introduces the M, -valued random matrix [H,,] = [Z,] [gm]”
with m < ny, corresponding to a data-reduction representation of random matrix [H], in which [Z,,] is a M, ;,,-valued
random matrix. First of all, a Markov chain Monte Carlo (MCMC) generator for random matrix [H] is constructed
[337] in the class of Hamiltonian Monte Carlo methods [14, 337, 40], by solving a nonlinear Itd stochastic differential
equation (ISDE) that corresponds to a stochastic nonlinear dissipative Hamiltonian dynamical system, for which
the probability distribution piy;([77]) d[n7] of random matrix [H], defined by Eqs. (7.16) and (7.17), is the marginal
probability distribution of the unique invariant measure (see [230, 236]). Note that, due to the dissipation, this ISDE
allows for removing the transient part to rapidly attain the stationary response associated with the invariant measure.
Then, the generator of the learned realizations is obtained by constructing the reduced-order ISDE related to the
random matrix [Z,,] by projecting the ISDE on the subspace generated by [g,,]7. This generator is defined by the
following Theorem 1 that is proven in [236].

Theorem 1 (MCMC generator for the learned realizations). Let m be fixed to the value mop < ng and &py 10 &opi. Let
{IZM], [Y (@)D, r € R} be the M,y X M, p-valued stochastic process, satisfying, for r > 0 and with initial conditions
for r =0, the reduced-order ISDE,

dlZ(n] =[Y()]dr, (7.22)
1 .

dlY ("] =[L(Z@D]dr - Efo Y (Ddr+ /fo [AW*(")] [a], (7.23)

YOI =lollan] , [ZO]=dlan] , a.s., (7.24)
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in which [an] = [gn] ([gm]" [gu])7" € M,,m and where the matrix [yo] € M,,,, is any realization of a normalized
Gaussian random matrix [Yy), independent of WY, whose entries {[Yoloj}aj are v X ng independent normalized
Gaussian real-valued random variables. In Eq. (1.23), [Z(Z)D] = [LAZ@] [gm])] [am] such that, ¥ [u] =
[u'...u%]in M, with u’ € R”, matrix [L([u])] € M, ., is such that, fork € {1,...,viand € € {1, ..., ng},

(Ve p WOk 1 s my — ' exp(—p 1 55 )y — P

3 ) 1 § .
Py @) 8 S exp(=ak Il <y = P

[L([uD]ke =

(7.25)

Parameter fy, suchthatQ < fy < 4/8, allows the transient part to be controlled (a common value is fy = 4 knowing that
§ < 1)and [W¥]is the M,,, ,-valued normalized Wiener stochastic process. Then, there is a unique stochastic solution
that is a second-order diffusion stochastic process, which is asymptotic, for r — +oo, to a stationary stochastic process
and we have L] = lim,_.oo[Z(¥)] in probability distribution, which allows for generating n,. > ngy learned
realizations [leeam]’ ..., [zxe . The ny. learned realizations generated by the probability distribution of [Hum] =

[Zcarn] [gm]T are then computed by
o] = el 80" . €= 1. m), (7.26)

and the n,, learned realizations of the M,,_,,-valued random variable [X..,] are then deduced from Eq. (7.10),

[Xeo] = [x] + (@] (]2 ]+ €= 1. n) (7.27)

The reshaping of matrix [nfeam] (resp. [Xﬁeam] € M, ) allows for obtaining ny,, = ny,. X ng additional realizations
{nlgeam’ 5, = 1; UK nlearn} oleearn (resp‘ {X][earn’ f' = 1» sy nleam} OfXIeam)'

The reduced-order ISDE defined by Eqgs. (7.22) to (7.24) is solved by using the Stérmer-Verlet algorithm [338, 339]
detailed in Appendix C, which yields an efficient and accurate MCMC algorithm. The stationary response of this
reduced-order ISDE is solved in parallel computation, which allows for strongly decreasing the elapsed time on a
multicore computer. Efficient values of the algorithm parameters are given at the end of Appendix C. The PLoM
methodology allows the concentration of the learned probability distribution to be preserved as shown by the following
theorem proven in [236].

Theorem 2 (Concentration of the learned probability distribution). Forallmin{1,...,ng}, random matrix [He, ] is rewrit-
ten as [H}!]. Let dﬁd (m) be the square of the L0, M, ., )-distance between random matrix [H] and matrix [n4] that
is defined by the n, points of the training dataset 9,,(1), such that

dx (m) = E{I| [(H] - nal I}/ E{l nal 17} (7.28)

Then there exists an optimal value moy with 1 < mep < ng such that

min d, (m) < d; (ng) = 1+ng/(ng— 1), (7.29)
meMopt k
in which Mop, = {Mopt, . . ., ng—1}. This result shows that the PLoM method is better than the usual one corresponding

to d,zld (ny).

7.2.2. Illustrations showing the capability of the PLoM algorithm

Three illustrations are presented. The first two show how PLoM preserves the concentration of the learned prob-
ability distribution, on the one hand on a very simple example [230] in dimension 3 and on the other hand for ex-
perimental data [212] in dimension 35. The third illustration is devoted to a basic difficult constrained nonconvex
optimization problem with uncertainties [211]. Similar optimization problems have been analyzed with PLoM for
much more complicated engineering problems such as the design optimization under uncertainties of a mesoscale
implant in biological tissues [213], the optimal well-placement [212], the design optimization of a scramjet under
uncertainty [215], the optimization of wake steering in wind farms [329], the probabilistic learning and updating of a
digital twin for composite material systems [219], the detuning optimization of detuned bladed disks with uncertain
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mistuning [218].

(i) Manifolds as a helical in 3D Euclidean space [230]. Using the notation introduced in Section 7.1, we have n,, = 2,
ng =1,n, = n, +ny, =3, v =n, =3, and the training dataset has n; = 400 points shown in Fig. 4-(a). The PLoM
algorithm is used with mq, = 4 for generating 8 000 learned realizations that are shown in Fig. 4-(b). Fig. 4-(c)
displays 8 000 points generated with a resampling from the training dataset, using a classical MCMC algorithm. It
can be seen that the PLoM algorithm has preserved the concentration of the learned probability distribution while the
concentration has been lost with a classical MCMC algorithm.
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Figure 4: Concentration-loss analysis: 400 blue points of the training dataset (a), (b) and (c); 8 000 red points for the learned realizations with the
PLoM algorithm (b), and for the resampling with a classical MCMC algorithm (c). [From [230]].

(ii) Analysis of a petro-physics experimental database [212]. We have n, = 35, v = 32. Fig. 5 is relative to coordinates
X30, X32, and x33. The training dataset has n; = 13 056 points shown in Fig. 5-(a). The PLoM algorithm is used with
Moy = 33 for generating 39 168 learned realizations that are shown in Fig. 5-(b). Fig. 5-(c) displays 39 168 points
generated with a resampling from the training dataset, using a classical MCMC algorithm. Again, it can be seen that
the PLoM algorithm has preserved the concentration of the learned probability distribution while the concentration
has been lost with the use of a classical MCMC algorithm.
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Figure 5: Concentration-loss analysis: 13 056 blue points of the training dataset (a), (b) and (c); 39 168 red points for the learned realizations with
the PLoM algorithm (b), and for the resampling with a classical MCMC algorithm (c). [From [230]].

(iii) Optimization under uncertainties (OUU) using a limited number of function evaluations of a stochastic computa-
tional model [211].

(iii-1) OUU formulation in a general framework. We consider the following optimization problem under uncertainties,
related to a stochastic computational model whose parameterization is defined in Section 7.1,

ot — i . 7.30
w ag o Og(W) (7.30)
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The design parameter, w € %,, C R™, is the control parameter, which is modelled by a R"-valued random variable
W for which the support of its prior probability distribution Pw(dw) is %,,. The objective function is written as
w — g(w) = E{¢(w,U)} from R™ into R in which (w,u) - ¥4 (w, u) is a measurable function from R™ x R™ into R
and where the uncontrolled parameter U is a R"-valued random variable, independent of W, whose prior probability
distribution Py(du) is given. The nonlinear constraints are defined by the function w — b(w) = E{B(w, U)} from
R™ into R™ with n;, > 1, in which (w,u) — $B(w,u) is a measurable function from R™ x R™ into R™. Let G
be the real-valued random variable defined by G = ¢ (W, U) and let B be the R™valued random variable such that
B = B(W,U). The prior probability distributions of W and U are used for generating n,; independent realizations
{(w/,w),j = 1,...,n4). Let n, be n, + 1 + n,. The parameterized computational model is used for constructing
the training dataset of the R"-valued random variable X = (W,G,B). The n,; independent realizations of X are
x' =w/,g/,b),j=1,...,n4} with g/ = ¥(w/,uw/) and b/ = B(w/, /). The PLoM algorithm allows for generating
the learned dataset (W', , gl bl ) = x{ .0 = 1,...,Nem With Ny, > ng. For all w in €, the conditional
statistics

8(W) = E{Gieam | Wieam = W}, b(W) = E{Biean | Wieam = W}, (7.31)

are estimated using explicit algebraic formulas based on the joint probability density functions pg,.... Wiwn a0d PBeun, Wiearn
that are estimated using the Gaussian KDE and the learned realizations (see Section 5 of [211]). The nonconvex opti-
mization problem defined by Eq. (7.30) can be solved using a random search algorithm (such as a genetic algorithm)
and the conditional statistics defined by Eq. (7.31) are estimated for any w without using the parameterized stochastic
computational model. Note that these conditional statistics can be viewed as a statistical surrogate model whose eval-
uations are very fast.

(iii-2) Application. The problem is defined by Fig. 6. We have n,, = 2, n, = 4,n, = 4and n, = n,,+1+n, = 7. The 3D
plot of the graph of the reference cost function w +— g(w) is shown in Fig. 6-(a) and its 2D contour plot in Fig. 6-(b).
The 3D plot of the graphs of the four components by, b,, b3 and by of function w — b(w) are shown in Figs. 6-(c) to
(f). The additional details of the construction of the stochastic computational model can be found in [211]. Since the
optimal solution of this OUU is not exactly known, a reference optimal solution w’; has been constructed by using
the Monte Carlo simulation method with 10 000 realizations, and yields wy = (0.74,0.49), g(w.%) = —0.123. For this
reference optimal solution, the four constraints are active. In Fig. 6-(b), this reference optimal solution is located in
the white diamond. For the probabilistic learning construction, the training set is generated with n; = 900 independent
realizations. The 2D contour plot of cost function g, estimated with this 900 points, are displayed in Fig. 7-(a). It can
seen that the generated image is very different from the one corresponding to the reference (see Fig. 6-(b)). Moreover,
the solution of the optimization problem constructed with this training set is located in the white square that is located
at the lower edge of the image and which is therefore very far from the optimal reference solution represented by
the white diamond. The image of the objective function synthesized using 7., = 9000 learned realizations from
the 900-points training dataset is shown in Fig. 7-(b). This result is quite remarkable and the quality obtained for
the learned objective function as well as for the learned constraints functions makes it possible to build a very good
opt

approximation of the optimal solution w**" = (0.70,0.49), g(w,;) = —0.112 (white disc). compared to the optimal
reference solution wiy (white diamond). The results obtained for 7., = 90000 learned realizations (see Fig. 7-(c))

confirms this analysis.

7.2.3. Normalization by constraining the second-order moments of the components of H

The normalization conditions defined by Eqs. (7.18) and (7.19) should be preserved for Hy.,, although these
conditions have not been introduced as constraints in the PLoM algorithm presented in Section 7.2. Referring to
the applications that have been addressed, in general, the mean value of H,.,,, which is estimated using the learned
realizations {nf;am, € = 1,..., M}, 1s sufficiently close to zero (« 1) and the estimate of the covariance matrix of
H,.... is sufficiently close to [/,]. However, sometimes, although this covariance matrix stays close to a diagonal
matrix, its diagonal entries can be lower than 1. This situation has been encountered for small values of v, a few units,
even ten, but has never been encountered for larger values of v, a few tens, even hundreds. In the case where the
diagonal entries of this estimated covariance matrix become smaller than 1, some constraints can be imposed into the
PLoM algorithm by using the Kullback-Leibler divergence minimum principle as proposed in [240], which we briefly
summarize below.
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Figure 6: Reference: graph of the objective function w +— g(w) in 3D (a) and in 2D contour plot (b). The reference optimal solution wfepft is the
white diamond plotted in (b). Graphs of the constraint functions w — b(w) in (c), bo(w) in (d), b3(W) in (e), and b4(w) in (f). [From [211]].
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Figure 7: 2D contour plot of the objective function w — g(w) estimated with n; = 900 points of the training dataset (a), with njeam = 9 000 learned
realizations (b), and with njearn = 90000 learned realizations (c). The white diamond is the reference optimal solution w;)ep; , the white square is
the optimal solution estimated with the training dataset, and, in figures (b) and (c), the white disc is the optimal solution wP' estimated with the
learned realizations. [From [211]].

The constraints {E{(H;)?} = 1,k = 1, ..., v} are rewritten as E{g‘(H)} = b° on R”, in which g° and b® are such that
gi(H) = (Hy)? and bi = 1for kin {1,...,v}. To take into account these constraints in the PLoM algorithm presented
in Section 7.2, Eq. (7.25) is replaced, for k € {1,...,v}and £ € {1,..., v}, by the following one,

(Ve p,,, (WOl

244, [u]l=[u'...u"eM,,, . 7.32
Py " .

[L([uD]ke =

In Eq. (7.32), A = (44,...,4,) is a Lagrange multiplier with values in an admissible set ¥, C R”, which allows the
constraint E{g°(H)} — b = 0 to be imposed. This optimal value A** of Lagrange multiplier A is computed using
the formulation defined in Section 3.2 and the iterative algorithm given in Appendix B (in which w € R™ and the
R -valued random variables W and W, must be replaced by 5 € R” and the R”-valued random variables H and H,,
respectively). Applications using PloM under these constraints can be found in [240, 238].
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7.2.4. Extension to PLoM with partition

Also as part of improving PLoM algorithm, there are some applications for which the number n, of points in the
training dataset is very small and for which the optimal dimension my of the diffusion-map basis is very close to this
number, that is to say, mq, = v+ 1 < ny. In this case, PLoM may not be more efficient than a standard MCMC algo-
rithm yielding a loss of concentration of the learned probability distribution. For these challenging cases, one possible
way to improve the PLoM algorithm is to perform a partition of the random vector H , into statistically independent
groups in a non-Gaussian framework (see [238]). In this manner, statistical knowledge about the dataset, beyond its
localization on a manifold, is relied upon to enhance information extraction and representation.

(i) Construction of the optimal partition of H. From the training set {né, j =1,...,n4}, an optimal partition of the
non-Gaussian normalized R”-valued random variable H = (Hy, ..., H,) is performed using the algorithm proposed in
[340]. Such a partition is composed of n,, groups consisting in 7, mutually independent random vectors Y',...,Y".
Since H is a normalized random vector (zero mean vector and covariance matrix equal to [/,]), fori = 1,...,n,, Y!
is a normalized R"-valued random variable Y' = (Y1, ..., Yél_) = (Hr’i ). "Hri,) inwhichl <rj <r,<...< ”lv,- <v,
withv =v; +...+v, , and where Y,ﬁ = H,;. Random vector Y' is non-Gaussian and such that the estimate of its mean
vector and covariance matrix is 0,, and [/,,], respectively. We then have H = perm(Y',...,Y"™) in which perm is the
permutation operator acting on the components of vector H = (Y',...,Y™) in order to reconstitute H = perm(ﬁ).
For each group i, the training set is represented by the matrix [17;] € M,,,, whose columns are the n, realizations
{1];‘" ,j = 1,...,n4} of the R"-valued random variable Y, which are deduced from an adapted extraction (due to
the permutations) of the components of vectors {I]é, j = 1,...,n4}. The partition is identified by constructing the
function i, — 7,(ix) of the mutual information and then by deducing the optimal level i>*'. The mutual information
(Y!,...,Y™) between the random vectors Y', ..., Y is defined (see for instance [50, 51]) by

YY) x...xp, (Y
iV(Y‘,...,Y"p)=_E{log(l’w( ) Py ( )},

YL,...,Y™)

in which the conventions 0 log(0/a) = 0 for a > 0 and b log(b/0) = +co for b > 0 are used, where p_, is the pdf of
Y!, and where Py 18 the joint pdf of Y!,...,Y". Let G be the Gaussian second-order centered R”-valued random
vector for which its covariance matrix is [/,]. Consequently, the components of G are mutually independent. Applying
to G the same partition that the one defined for Y, we can write G = (G!,...,G"™), and its mutual information is
”(G',...,G™). Let iy > 0 be any fixed real value of the mutual information for two real-valued random variables
(see Section 3.5.3 of [340]). Let 7, (i) be the mutual information defined by

MY, .., YY)

Yirer) = 1 = .
7ler) "G',...,G™)
The optimal level i is such that

i =t i, = argmax 7y(ier) ).

ref Iref >
For calculating the mutual information, the pdf are estimated by using the multidimensional Gaussian KDE method
with the points of the training set. For each given i, the partition is constructed using a graph theory algorithm (see
[340]).

(ii) Use of the PLoM for each independent group. Let i be fixed in {1,...,n,}. The PLoM algorithm presented in Sec-
tion 7.2) is applied to the R*-valued random variable Y of the optimal partition Y! ... ,Y*ofH= perm(Y1 oo, YP)
and allows for generating n,. learned realizations {[l]féim],f = 1,...,n,} for each random variable [Yfeam] with
Mio = vi + 1 and &;,, calculated as explained in Section 7.2.1-(iv). When v; is very small, it can be necessary
to apply Section 7.2.3 to preserve the normalization of Y’ by constraining the second-order moments of its compo-

nents.

(iii) Illustration. This illustration is Application 1 from [238]. We consider the normalized non-Gaussian R”-valued
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random variable H = (H,...,H,) with v = 60. The training dataset his generated with n; = 1200 independent
realizations {17}, j = 1,...,n4}. Using the training dataset, the partition algorithm presented in (i) above is applied and
yields n, = 3 groups with Y! = (Hy,...,Hy), Y> = (Hi1,. .., Hy), and Y* = (H3y, . .., He) (consequently, v; = 10,
vy = 20, and v3 = 30). The learned dataset is generated (1) with a classical MCMC algorithm (no PLoM), (2) with the
PLoM algorithm without partition, and (3) with the PLoM algorithm with partition. For these three cases, n,,. = 1000
yielding ny.,,, = 1200000 realizations {nf;arn,f’ =1,...,Meam} (Meam = Nye X 1g). The concentration of the learned
probability distribution is quantified by using Theorem 2 and yields d,%d(nd) ~ 2 for case (1), dﬁd(mop[) = 0.094 with
Moy = 61 for case (2), and dfvg,nd (mgp) = 0.016 with mg,, = (11,21, 31) for case (3). Figure 8 shows the clouds of
the learned realizations {nf;am, ' = 1,..., e} for the first three components (H,, H,, H3) of the 60 components of
H, which have been generated by cases (1), (2), and (3). It can be seen that the classical MCMC yields a scattering
of the learned realizations with a loss of the concentration. The PLoM algorithm better preserves the concentration
of the learned realizations for this challenging case. The PLoM algorithm with partition allows for retrieving the
concentration that corresponds to the reference (which is known for this, see [238]).

Hy 5 Hy Hy 5 0 Hy 5 paa

(a) Classical MCMC algorithm (b) PLoM without partition (c) PLoM with partition

Figure 8: Clouds of the njearn = 1200000 realizations of (Hy, Hy, H3) generated with a classical MCMC algorithm (a), generated with PLoM
algorithm without partition (b), and generated with PLoM algorithm with partition, coinciding with the reference (c). [From [238]].

7.3. Probabilistic learning under constraints

In Section 7.2, we have presented the PLoM algorithm that allows statistical surrogate models of complex systems
to be constructed from small training datasets. When data are available, coming either from experimental measure-
ments or from expensive numerical simulations carried out with large computational models implemented on very
high performance computers, it becomes interesting, even necessary, to integrate these data into the learning process.
In addition to data integration, we also want to be able to constrain the learned probability distribution by physics,
for example, by constraining with nonlinear partial differential equations that underlie the stochastic computational
model, in order to minimize the stochastic residual generated by the learned realizations. Such learning process is
used to build statistical surrogate models for the parameterized stochastic computational models that are used for
generating the small training datasets. Always placing ourselves in the framework for which the available training
dataset is small, the objective of this section is to extend probabilistic learning on manifolds to the case of proba-
bilistic learning inference on manifolds in order to perform the data integration, i.e. to extend PLoM to PLoM under
constraints. From a general point of view, in the case of a small learning dataset and for high stochastic dimensions,
this problem remains difficult. To cover these aspects, several methodologies based on theoretical developments have
been proposed and validated through relatively complex applications. It is

(a) the physics-constrained probabilistic learning on manifolds [240] for which the constraints are defined by given
statistical moments.

(b) the probabilistic learning that is constrained by nonlinear partial differential equations of stochastic boundary
value problems [241], which has especially been developed for applications in stochastic nonlinear solid and
fluid computational dynamics.

(c) the case for which the constraints are defined by realizations of system observations, the methodology being
based on a weak formulation of Fourier transform of probability measures [243];

(d) the probabilistic learning inference under implicit constraints [242].
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To validate these methodologies, several applications of PLoM under constraints have been performed. The applica-
tion presented in [240] is related to a probabilistic learning inference consisting in a statistical inverse problem for a
stochastic elliptic BVP related to linear elasticity of a heterogeneous anisotropic medium occupying a 3D bounded
domain. The target dataset is constituted of experimental second-order statistical moments of the random displace-
ment field given on the boundary. The inverse problem consists in identifying the tensor-valued random elasticity
field using the target dataset. To construct the training dataset, the algebraic prior probability model of the random
elasticity field for heterogeneous anisotropic elastic media, presented in Section 5.2, is used. The probabilistic learn-
ing on manifolds, constrained by given statistical moments is then used for integrating the experimental data. This
application is revisited in [243] for which the target dataset of the second-order moments are replaced by a target
dataset made up of experimental realizations of the displacement field on the boundary. In that case, the constraints
are defined by the weak formulation of the Fourier transform of the learned probability distribution. If in addition to
prescribed second-order statistical moments, the second-order moment of the random residue of the stochastic equa-
tions of the computational model has to be controlled during the learning process, then the constraints are defined by
an implicit vector-valued mapping. This case has been analyzed in the application presented in [242], which deals
with the 3D stochastic homogenization of heterogeneous elastic microstructure for which the prior probability model
of the random tensor-valued elasticity field at mesoscale is the one presented in Section 5.2, which has been extended
to the case of a random spectrum following the model presented in [74, 247]. A brief summary of this application will
be presented in Section 8. In [241] devoted to PLoM constrained by nonlinear partial differential equations for small
training datasets, two applications are presented for high-dimensional nonlinear stochastic dynamical systems: one is
in computational fluid dynamics for unsteady 2D Navier-Stokes equation for incompressible fluid and another is in
nonlinear elastodynamics for a 3D silicon MEMS accelerometer. In this section, the presented overview is limited to
methodology (d).

7.3.1. Formulation of the probabilistic learning inference using the Kullback-Leibler divergence

The probabilistic learning inference based on a formulation of PLoM under constraints is an important question
related to probabilistic learning algorithm that allows for integrating data (target dataset) into predictive models for
which the training dataset is constituted of a small number of points and for which the target dataset is made up of
statistical moments of some quantities of interest (Qol). The considered constraints are thus implicit. It is assumed
that these statistical moments such as mean values, second-order moments, have been estimated with realizations
(samples) that are no longer available. This situation occurs quite frequently when the data (the realizations/samples)
have been lost, or deteriorated, or not commented on, or no longer exist, or are not accessible, but for which the
values of some statistical moments have been published or are given in technical reports. As previously explained,
physics-based constraints can simultaneously considered. This is the case if we want the learning process to be also
controlled by the model, for instance, that the mean-square norm of the random normalized residue of the stochastic
partial differential equation of the BVP be controlled. this type of constraint is thus also implicit. This section is
mainly based on [242].

(i) Stochastic boundary value problem. In Sections 7.1-(i) and (ii), we have presented the PLoM formulation in finite
dimension in order to facilitate the reading. In this section, we briefly introduce the formulation in infinite dimension.
All the random quantities are defined on a probability space (0, .7, ). Let us consider a stochastic elliptic BVP
on an open bounded domain Q C R? (for instance, d = 3), whose partial differential equation (PDE) is written as
N(Y,G, W) = 0 a.s. The unknown is the non-Gaussian vector-valued field {Y(§), & € Q} that satisfies the boundary
conditions. The coefficients of the stochastic elliptic operator depend on a non-Gaussian second-order vector-valued
random field G and on a random vector-valued control parameter W. It is assumed that the weak formulation of this
stochastic BVP admits a unique strong stochastic solution Y = f(G, W) that is a second-order random field. It is well
known that the nonlinear operator f is not exactly known. Only an approximation can be constructed, for instance,
using the finite element method to discretize the weak formulation and then using the Monte Carlo numerical method
to approximate the strong stochastic solution. The observation (quantity of interest) is, for instance, a second-order
vector-valued random variable Q = O(Y, G, W) in which the observation operator, O, is a given measurable mapping.

(ii) Probabilistic learning inference. The probabilistic learning inference belongs to the class of the statistical inverse
problems. A prior probability model of {G, W} is given. We are interested in estimating a posterior model {G®, W€} of
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{G, W} in order that some statistical moments of the posterior observations Q¢ = O(Y¢, G¢, W¢) with Y¢ = f(G¢, W¢)
be equal to some given targets. The superscript ”c” is introduced to designate the solution with the constraints, which
corresponds to the posterior model. The statistical moments of Q¢ are globally written as E{M‘(Q°)} = b in which
b € R™ is the target, q — M°(q) is a given measurable mapping.

(iii) Small training dataset. As previously, subscript ’d” designates the quantities related to the training dataset.
Let {g},, e, gZ"’ } and {w}i, e, WZd } be ny independent realizations of random variable {G, W}, generated by using the
prior probability model of {G, W}. Each realization yé is computed by solving the weak formulation of the PDE
N (y';, g‘é, wg) = 0 with the boundary conditions. Consequently, n,; independent realizations {y‘g, j=1,...,n4} of
random field Y are computed and are such that yg =f (gé, wj). The n,; independent realizations {qf;,, j=1,...,n4} of
random observation Q are thus deduced and such that qé = O(yﬁ, gf;, Wﬁ). The training dataset is then made up of a
small number n, of points Xﬁ = {yé, gé, wé} for j = 1,...,ny, which are n, independent realizations of X = {Y, G, W}.
It is assumed that the BVP can only be solved a small number of times. This means that the training set is a small data
set (as opposed to a big data set). Therefore, the posterior model is constructed using a learning tool for generating
the constrained learned realizations of X without solving the BVP, but using only the training dataset.

(iv) Finite reduced-order representation and training dataset 9,,(1). Similarly to the methodology of PLoM presented
in Section 7.2.1, a finite reduced representation of X is constructed. The second-order random variable X = {Y, G, W},
defined on (@, .7, &), is assumed to be with values in a real Hilbert space X equipped with the inner product (X, X")x
and its associated norm || X||x = (X,X)Q 2, Consequently, X belongs the Hilbert space L2(0,X), equipped with
the inner product ((X,X’)) = E{(X,X’)x} for which the square of the associated norm is ||| X P = E{IX ||§<} =
f® || X(6) |I§( d Z(0). Since the problem is in infinite dimension, in order to implement the probabilistic learning
inference, we need to introduce a finite representation X® of dimension v of random variable X in L*(®, X). Assuming
that the covariance operator is a symmetric, positive, trace operator in X [341], X can be represented using the
truncated Karhunen-Logve expansion [342, 8] of X,

X" = x + Z Vka 9% H, , (7.33)
a=1
in which the eigenvalues of the covariance operator are x; > ... > k, > ... = 0 with Z;Z’l Ko < 400, where the family
of the eigenfunctions {¢“}, is a Hilbertian basis of X, where x = E{X}, and where H = (H|, ..., H,) is a second-order
RY-valued random variable such that,
Vaell,...,v} , Hy=k"(X-x,¢"x and E{H}=0, , EHH}=IL]. (7.34)

The training set %,,(n) for H is then defined by n,; independent realizations qg such that

Do) =i =1, ong) . =k P -, 0M)x. (7.35)

If the context of the probabilistic learning inference, the kernel of the covariance operator of X is not explicitly known.

Therefore, the value of v can be computed in studying the graph of the function v = [| X® — x|l = (7 _; ka)'/%.

(v) Formulation using the Kullback-Leibler divergence minimum principle. Let Py(dn) = pu(n)dn be the prior
probability distribution on R” of H, for which the pdf n — pg(n) on R” is estimated using the multidimensional
Gaussian KDE method and the training dataset Z,,(n) defined by Eq. (7.35). Therefore, for all 5 in R”, pu(1) is
written as

, e 1 & 1§ ;
pu(n) =, () with ¢, =(V278)” and §<n>=MZexp{—2§2||sng—n||2}, (7.36)
j=1

in which § is the modified Silverman bandwidth defined in Section 7.2.1-(iii). Let H® = (HS,...,HS) be the R”-
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valued random variable whose posterior probability distribution, written as Pye(dn) = pue(n) di on RY, satisfies (see
Section 7.3.1-(ii)) the constraint E{M(Q°)} = b that is rewritten in function of H¢ as

E{h‘(H)} =b° e R™, (7.37)
in which 7 — h(#) is a function from R” into R, which satisfies the following hypothesis.

Hypothesis 1 (Concerning function h®). Let n. be the integer such that 1 < n. < v.

(HI) Given any bounded positive measure P(dn) on R” with support R, there exists a bounded set % in R” with
P(%) > 0 such that Vv € R" with || v|| # 0, we have f 2, V)ZP(dI]) > (0, which means that the constraints are
algebraically independent.

(H2) Function 57 — h¢(#) is in C' (R, R™) (continuously differentiable function from R” into R"™).

(H3) There exist constants @ > 0, 8 > 0, ¢, > 0, and ¢g > 0, independent of 5, such that for || 57|| — +co, we have
Il < collnll® and I[V,hG] e < cglln1l# in which [Vyhe(p)] € M., with [Vyh()]ox = 1)/

The Kullback-Leibler divergence between two probability measures p(n) dn and pp(n) dip on R” is defined [46, 49, 50]
by D(p, pu) = fRV p() log(p(nm)/ pu(n))dn, and is such that D(p, pg) > 0 (that can be proven by applying the
Jensen inequality [343, 18]) and D(p, py) = O if and only if p = py. Note that (p, pu) — D(p, pg) is not a
distance because the symmetry property and the triangle inequality are not verified. It can easily be seen that the cross
entropy S (p, pu) = — Jg. p(p) log(pu(p)) dn and the entropy S (p) = — [5, p(17) log(p(1)) dn are related to D(p, pu)
by S (p, pu) = S(p) + D(p, pn). Finally, it can be proven (see for instance [50]) that (p, pg) — D(p, pa) is a convex
function in the pair (p, pg). Using the Kullback-Leibler divergence minimum principle [46, 49, 50], the probability
density function pge on R”, which satisfies the constraint defined by Eq. (7.37) and which is closest to py, is the
solution of the optimization problem (see for instance [240, 241]),

_ : p(n)
pue =arg min / ) p(n) log (pn(n)> dn, (7.38)

in which the admissible set €, , is defined by

Gaap = {n = p@) R — R*,/R p(pdn = L/R h“(m) p(m) dn = b“} . (7.39)

7.3.2. Methodology and algorithm used for solving the optimization problem and MCMC generator
In the optimization problem defined by Eq. (7.38), the constraints are taken into account introducing Lagrange
multipliers.

(i) Lagrange multipliers associated with the constraints. The constraints within the admissible set ,q , are taken into
account by introducing the Lagrange multipliers 1y — 1 with 1y € R* (associated with the normalization condition)
and A € 6,41 C R"™ (associated with the imposed moments). Under Hypothesis 1, the admissible set 4,41 of 4 is the
open subset of R, assumed to be not reduced to the empty set, such that

Gaa = {4 €R™ | 0 < E{exp{—(A4,h°(H))} < +co} , (7.40)

in which the pdf of the R”-valued random variable H is defined by Eq. (7.36).

(ii) Construction of the optimal solution. Let us assumed that the optimization problem defined by Eq. (7.38) has
almost one solution pge and that p = pge is a regular point of the continuously differentiable functional p
Jre 0E() p(1p) dn — b°. For Ay € R* and A € 6,41, we define the Lagrangian,

Lag(p, Jo. d) = / p() log (p(")> dn+ (o — 1) / pydn— 1)+ (A, / W) paydn by, (741)
RY pu(m) RY R
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in which pyg is defined by Eq. (7.36). Using the calculus of variations, an extremum of functional p — Lag(p, A9, d)
is found as the function 57 = pg,(#; 2) on R”, indexed by A, writing as

P, (173 ) = co(D) {() exp{—(A,h°())} ., YpeR’, (7.42)

in which ¢((Q) is the constant of normalization that depends on A (note that Ay is eliminated and we have cp(4) =
¢, exp{—4p}). Under Hypothesis 1-(H1), there exists (see [344]) 2! in €4, such that the functional (p, 2y, 2) —
Lag(p, Ao, A) is stationary at point p = pge for A = 2" and Ay = —log(co(24*")/c,). Therefore, pye = pw,., (. ; **') and
Eq. (7.42) yields

pre(1) = o) () exp{—(A*,h’(p)} , VpeR”. (7.43)
Under Hypothesis 1, pge is the unique solution of the optimization problem defined by Egs. (7.38) and (7.39), in
which A*! is the unique solution of a convex optimization problem defined by Theorem 3.

Theorem 3 (Construction of the probability distribution of H (from [242])). Under Hypothesis 1, the admissible set 6,4,
defined by Eq. (7.41) is a convex open subset of R". For all X in G, let pu,(n;A) be the pdf of H,, defined by
Eq. (7.43).

(a) The R"-valued random variable h(H,) is of second-order,

E{lh“(Hp) |P} < +oo. (7.44)
(b) Let A — T'(d) : G.ua — R be defined by
['(2) = (A,b) —log co(D), (7.45)
in which b¢ is given in R™. For all din 6,42, we have
al'(A) = b° — E{h“(H,)} € R™, (7.46)

[T”(AD)] = [covih(Hp)}] € M, , (7.47)

where the Hessian matrix [T""(A)] of T(A), which is such that [T (D)) = 0°T(A)/0d Ay, is the positive-definite
covariance matrix of h°(Hy).
(c) T is a strictly convex function on €,y 5. There is a unique solution X**' in €,y a of the convex optimization problem,

e = in T'(4). 7.4
arg min T (7.48)
If the following equation in A,
Vi) = 0, , (7.49)

has a solution A that belongs to G,q4, then this solution is unique and we have 1**' = 1

Although the optimization problem defined by Eq. (7.48) be a convex optimization problem, since the constant
of normalization cy(Ad) cannot numerically be estimated, a classical descent algorithm cannot be used and is replaced
by searching the solution of Eq. (7.49). The Newton iterative algorithm is used to solve this equation with an under-
relaxation coefficient similarly to the algorithm detailed in Appendix B.

(iii) MCMC generator of H°. Using Eq. (7.43), the posterior pdf pg. is constructed as the limit of a sequence
{pu,}a of probability density functions of a R¥-valued random variable Hy = (H,,,...,H,,) that depends on A.
Based on Theorem 3, an algorithm similar to the one presented in Appendix B is used to find 2*'. Therefore, the
construction of {py,} requires to generate a constrained learned dataset %, (72) = {0}, ...y} constituted of
Meam > Ny independent realizations {i]ﬁ, € =1,...,mm} of Hy. When the convergence is reached with respect to A,
the constrained learned set Zgc = {qé, ..., 1e=m} is generated. This set is made up of nye,, independent realizations
{nf., €=1,...,Nem} of H® whose probability distribution py<(1) dn satisfies the constraint E{h‘(H¢)} = b¢. The con-
struction of 9, (171) is based on the following Theorem 4 and is carried our using the PLoM algorithm presented in
Section 7.2.
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Theorem 4 ( MCMC generator of H, (from [242])). Let h® be the function satisfying Hypothesis 1. Let A be fixed in
Gaan- Let {(Uy(r), Va(r), r € R*} be the RY x R”-valued stochastic process, satisfying, for r > 0 and with initial
conditions,

dUy(r) = Vp(r)dr, (7.50)
1 _

dVa(r) = Ly(Ua(r)) dr - Efo Va(r)dr + +/ fo dW™"(r), (7.51)

Uy(0) = uy , Vy(0) = vg a.s. (7.52)

(a) As previously, fy allows the transient part to be controlled and is such that 0 < fy < 4/8 and W¥*" is the R-valued
normalized Wiener stochastic process independent of H.

(b) The initial condition wy € R” is chosen from the points of the training set 9,,(n) = {1]},, ..., 11"} while the initial
condition vy is any realization of a normalized Gaussian R”-valued random variable Vg, independent of W**".

(c) Forallu = (uy,...,u,) in R”, the vector Ly(u) in R” is written as
1
Li(u) = — Vul(u) - [Wh*w)] 4, (7.53)
{(u)

in which function { is defined by Eq. (7.36).

(d) The stochastic solution {(Uy(r), Va(r)),r > 0} of the ISDE defined by Egs. (7.50) to (7.52) is unique, has almost-
surely continuous trajectories, and is a second-order diffusion stochastic process. For r — +oo, this diffusion process
converges to a stationary second-order diffusion stochastic process {(Uy (1), Vi(1)), T > 0} associated with the unique
invariant probability measure on R¥ X RY,

PH,V (1, V; ) dn ® dv = (pu,(1; D) dnp) ® (py, (V) dv), (7.54)

in which pu,(n; A) is the pdf defined by Eq. (7.42).
(e) For ry sufficiently large, we can choose H, as Uy(ry). The generation of the constrained learned dataset D, (111)
is constructed by solving Egs. (71.50) to (7.52) for r € [0, ;] and then using the realizations of Uy(ry).

It should be noted that the PLoM algorithm for H, can easily be derived from Theorem 4, by introducing the random
matrix [H,] whose columns are n,; independent copies of H, and then by projecting Egs. (7.50) to (7.52) on the
truncated diffusion-maps basis represented by matrix [g,,]7 yielding the reduced-order ISDE that is similar to the one
given in Theorem 1.

It can be seen that L;(u) defined by Eq. (7.53) involves the matrix [V;h’(57)] € M,,,, (the transpose of the Jacobian
matrix of h¢). In general, function  — h°(;) from R” into R is not explicitly defined by an algebraic expression,
and only a’ = h°(5") € R™ can be computed for any point 5’ given in R” (for instance and as previously under-
lined, a component of h can be related to the square of a norm of the random normalized residue of the stochastic
PDE). The MCMC generator requires the evaluation of [V,h¢(#)] for a large number of values of 7. The construc-
tion of a surrogate model of implicit function h® by using a deterministic approach, such as the meshless methods
[345, 346, 347, 348, 349, 350], is not adapted taking into account a possible high dimension of the space on which
h¢ is defined. To circumvent this difficulty, the approach proposed in [241] has been generalized in [242], which
consists in constructing a statistical surrogate model b of h¢, depending on the number 7, of points generated in
the constrained learned dataset, for which there is a simple explicit algebraic representation of the gradient function
n e [Vnﬁ”'m‘q)] from R” into M, ,,,. Such statistical surrogate model is an approximation whose convergence with
respect to fye,m has to be studied.

(iv) Statistical surrogate model of the implicit function h° and convergence analysis. In this section, we define the
surrogate model hem of h and we study the convergence of the sequences {ﬁ"'“'"(q 3 Dl nars and {[Vqﬁ”'ﬁ"‘" (n; D1}
as mem — +00. Then, we present the convergence of the sequence of MCMC generator using the statistical surrogate
model. Let A be fixed in €4, and let D, (72) = {0}, ..., 7}“"} be the constrained learned dataset whose points are
Mieam > g independent realizations of the R”-valued random variable H, for which the pdf i — pu,(1; A) is defined
by Eq. (7.42). Let A, = h°(H,) be the R™-valued random variable whose 7., independent realizations a/ll, e, aﬁ“*‘"‘
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are such that aﬁ = h"(l]ﬁ) € R™ for ¢ =1,...,ng.m. The surrogate model i — ﬁ’“eﬂf"(i] ;) : RV — R™ of h¢ is defined
[242], for all  in R”, by

ﬁnle"‘m(n . l) _ % af ,;l'ear" (’]ﬁ) a 55)
=1 27 By ()
in which for all 7 and 7} in R”,
" . - o
By @) = expl=s I =nlly} . Ii=nl = ow,) G -n,0-m, (7.56)
SB

in which [og,] is the diagonal positive-definite matrix in M} such that [0y, Joe is the standard deviation of the real-
valued random variable H,,, estimated using %, (1), and where s, is the Silverman bandwidth that depends on
iearn and written as s¢; = (4/{Meam(2 + 1e + V)P e+,

Theorem 5 (Convergence of the sequence of MCMC generator using the statistical surrogate model (from [242])). Let A be fixed
in 6,2 and let 1 be fixed in R”. Under Hypothesis 1-(H2), Ve > 0, there exists a finite integer n.(1, 1) depending on
&g, 1, and A, such that Vi, > ng(n, ),

IRen @ )~ bl < e . VA @ 0] - [Vh@llle < e (7.57)

Let I (575 A) be the approximation of h‘(n) defined by Eq. (1.55) and let u — Ly(u) be the twice continuously
differentiable function on R” with values in R” such that, for allu in R”,

. 1 N
L) = 2 Vol ) = [V D1 4, (7.58)

in which { is defined by Eq. (1.36) and where [V (u; )] is explicitly given by differentiating function u >
h"em(u; A) defined by Eq. (7.55). Let {(Uy"(r), Vy"(r)),r € R*} be the stochastic process solution of the ISDE
defined by Egs. (7.50) to (7.52) in which L, is replaced by L™,

dU;’lcam(r) — V/;llcum (7’) dr s (759)
. 1 i

dVlfllleam(r) — L;leam (Uﬁleam(r)) dr — EfO V/’il]earn (r) dr + \/%dwwmn(r) , (760)

U/;lleam(o) =up, V/’l"ea'" 0) =vy a.s., (7.61)

and where g, vo, fo, and W"*" are the quantities defined in Theorem 4. Then the stochastic solution {(Uy"(r), Vy*"(r)),
r € R*} of Egs. (7.59) to (7.61) is unique, has almost-surely continuous trajectories, and is a second-order diffusion
stochastic process, which converges to a stationary second-order diffusion stochastic process for r — +oo, associated
with the unique invariant probability measure on R” X RY, ﬁ'ﬁ'i“{,c m,v;)dn®dv = (ﬁﬂ:‘"" (m; D dn) ® (py,(v)dv),
in which ﬁﬂj’ ;) = cg‘e”“ (D) L(n) exp{—(A, fa/team (m))}. Then for all r € [0,rg] with ry < +oo, the sequence
{U/'{'e'“"“ (N Of second-order R”-valued random variables converges in mean-square to the second-order R”-valued
random variable Uy(r) of Theorem 4,

lim  E{||U"(r) — Up(r) I’}=0 , Vrel0,r]. (7.62)

Rlearn —+00

8. Illustration of probabilistic learning inference for 3D stochastic homogenization of heterogeneous material
with random spectrum and no scale separation

This section is an illustration of the use of the probabilistic learning under constraints presented in Section 7.3
for the 3D stochastic homogenization of an elastic heterogeneous microstructure without scale separation. The de-
tails of this application can be found in [242]. The nonseparation of the mesoscale with the macroscale means that
the macroscale is another mesoscale at larger scale with random effective/apparent elastic properties. The posterior
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probability distribution is constructed using the probabilistic learning inference (PLoM under constraints) in which
the constraints are defined by:

- a target set made up of given “experimental” statistical moments of the random effective/apparent elasticity
tensor C°.

- the second-order moment of the random normalized residue of the random equations of the stochastic compu-
tational model.

These constraints guarantee that the probabilistic learning algorithm seeks to bring the statistical moments closer to
their targets while preserving a small residue of the random equations of the stochastic computational model.

8.1. Formulation

(i) Stochastic elliptic boundary value problem. We consider the stochastic homogenization of a heterogeneous elastic
microstructure occupying the 3D bounded open domain Q =]0,1[x]0,1[x]0,0.1 [c R? (square thick plate) with
boundary dQ. For all m and r in {1,2, 3} the R3-valued displacement random field {Y(§) = (Y((£), Y2(€), Y3(£)), €
€ Q}, defined on (@, .7, &), indexed by Q, satisfies the stochastic BVP associated with the stochastic homogeniza-
tion of a random elastic medium without scale separation, which is defined by Eqgs. (6.1) to (6.3). For i, j, m, and
rin {1,2, 3}, the component C?gnr of the random effective/apparent elasticity tensor C*" at macroscale is defined by
Eq. (6.4).

(it) Prior probability model of the apparent elasticity field C at mesoscale. At mesoscale, the prior probability model
of the random apparent elasticity field {C(£),& € Q} is the one for heterogeneous anisotropic elastic media, which is
defined in Section 5.2 and for which the spectrum is uncertain (see Section 5.2-(iv) and [74, 247]). This random field
is the restriction to Q of a non-Gaussian, homogeneous, anisotropic, fourth-order tensor-valued random field indexed
by R3, with a random spectral measure. The level of uncertainties on the spectrum is controlled by a hyperparameter
05 = 0.1. The spatial correlation lengths at mesoscale are L, = (L., L, L.). The level of statistical fluctuations
of the random medium is controlled by the dispersion coefficient § = 0.3. At mesoscale, the nominal model is
isotropic with C,,, = 1.09x 10! N/m? and C ., = 6.85% 10! N/m?. The parameterization of C is written as C(£) =
c(G(&),z) for ¢ € Q in which ¢ is a tensor-valued function on R?! x R3, where {G(£), ¢ € R3} is a non-Gaussian
R?!_valued random, and where z = (C, ;> C yeurs O ¢)-

(iii) Spatial correlation lengths and scale separation. Three cases, SC1, SC2, and SC3 of the correlation lengths
are considered for analyzing the level of scale separation and are defined in Table 1. In comparing the dimensions
1 x 1x0.1 of domain Q with respect to the values of the spatial correlation lengths, there will not be, a priori, a scale
separation and consequently, the effective/apparent elasticity tensor will exhibit statistical fluctuations.

Table 1: Values of the spatial correlation lengths L .;, L ,, and L 5 for cases SC1, SC2, and SC3 of scale separation.

el | Lea | L Level of scale separation

SC1 | 0.1 | 0.1 | 0.1 | partial separation in £, &, not in &
SC2 |03 |03 0.1 not separated in &, &, and &3
SC3 | 05| 05 | 0.2 | strongly separated in £1,&>, and &3

(iv) Random control parameter for the probabilistic learning inference. The components of the R3-valued random
control parameter W are (1og Cyyi, 108 Cpears log 6c) in which Cyyy and Cyp,, are Gamma independent random vari-
ables (see [244]) with mean values C, ., C ... and coefficients of variation oy = 0.5, Oghear = 0.25, and where ¢ is

a uniform random variable on [0.1,0.5].
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(v) Stochastic computational model. The finite element method is used for discretizing the weak formulation of the
stochastic BVP and yields the stochastic equations on R™,

N"Y",.G,W)=0, as. , 1<m<r<3, (8.1)

(a) Y™ is a random variable with values in R™ with n, = 52215, which is the discretization of random field
(Y"(£),€ € Q).

(b) G is arandom variable with values in R™ with n, = 3626 800, which is made up of the values of the random
fourth-order tensor-valued apparent elasticity field {C(£), & € Q} at the integration points of the finite elements.

(¢) W is the R™-valued random conrol parameter with n,, = 3.

(vi) Definition of the statistical moments and their targets. Using the Voigt notation defined by Eq. (5.1), let [C*]
be the second-order M{-valued random variable associated with the random tensor C*. The first statistical moment
of interest is the mean value [ C*"] = E{[C*]} e M{ of random matrix [C*"] while its target counterpart is the given
matrix [ C**] € M{. The corresponding constraint equation, which allows the mean value to be fitted, will then be
written as

E{[C*"]} = [C™]. (3.2)

The second statistical moment of interest is the coefficient of dispersion §°" of random matrix [C*] and its target
counterpart 0 ?, which allows the level of statistical fluctuations to be fitted. We then introduce the positive-valued
random variable AT,

1
Aeff - - Ceff _ Ceff 2 . 8.3
2 ”[Qeft] ”%: ”[ ] [7 ]”F ( )

Let 5 be defined by 6" = (E{||[C*"] = [C"]|IZ/I [CII3}) 2 The constraint equation to control the statistical
fluctuations are then written as

6eff — 6exp , 6eff — E{A%ff}, (84)

which can be rewritten as ) i
E{ICME} = (1 + 6% ([ [CTI7 - (8.5)

It should be noted that, if 6 goes to zero, then the statistical fluctuations (represented by /A$") of [C*"] around
[ C] goes to zero because, due to the Tchebychev inequality, [C*"] goes in probability to its mean value [ C*] (this
would be the case for a scale separation).

(vii) Training dataset computed with the prior probability model. The stochastic computational model defined by
Eq. (8.1) is used for generating the training set related to the R**-valued random variable X defined by

X=({Y",1<m<r<3,G,W) , R“=R%"xR%xR"™, (8.6)

with n, = 6ny, +n, +n, = 3942093. The prior probability models of G and W are used to generate their independent
realizations. The Monte Carlo numerical simulation method is used with n; = 50 independent realizations. We then
obtain the training dataset

xLj=1...ns} , x,=y;",1<m<r<3}ghw), 8.7)
in which y/}"™/ € R™ is the solution of the deterministic equation

N (Y, gl wh) =0, . (8.8)

The PCA of X is carried out by computing the SVD of the matrix [x}...x}'] € M,_,,, which allows the training
dataset Z,,,(n7) = {I]Zi, j=1,...,n4} of the R"-valued random variable H to be constructed (see Eq. (7.35)) and yields

XY = x + [®] [«]/*H. (8.9)
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Since ny; = 50, dimension v is chosen to its maximum value thatis v = n; — 1 = 49.

(viii) Random normalized residue induced by the use of the constrained learned set and its target. For A fixed in 6,4 4,
let H, be the R¥-valued random variable defined in Theorem 3, which is introduced by the learning algorithm under
constraints. Let 7} be a learned realization of H, and let (y’/;"’g, g4, w)) be the corresponding learned realization of
(Y77, G, W) extracted from x§ = x+[®] [«]'2 . Let Ry = N™ (7", g4, w}) be the realization of the R™-valued

random residue computed by the computational model equation and let ﬁfl be defined by

1/2

1
ph=—rx | D IR 8.10
Pa Tny( IR I (8.10)

1<m<r<3

The random normalized residue is defined as the positive-valued random variable R, whose realization ¢ is pfi =p3/ é 0
in which p  is an adapted constant for the normalization (see [242]) such that the constraint equation for the random
residue is defined by

E(R}=by , bi=1. 8.11)

(ix) Defining function he related to the constraints and defining the targets represented by b°. The constraints are defined
by the function 57 — h°(s) : R” — R and by the target represented by vector b¢ given in R™. As previously explained,
three constraints are introduced: the second-order moment of the random normalized residue (see Eq. (8.11) and two
statistical moments defined by Eqs. (8.2) and (8.5). As previously, for A fixed in 6,44, let H, be the R”-valued random
variable defined in Theorem 3.

(a) The first constraint is given by Eq. (8.11). The random normalized residue R, is an implicit function of H,,
which is rewritten as Ry = r(H,). Therefore, Eq. (8.11) is rewritten as E{ hi(H,)} = b% in which hgz(7) = r(n)>.

(b) The second constraint is given by Eq. (8.2). Transforming the upper triangular part of the matrices that belong
to My as vectors in R?! yields E{hS(Hp)} = bg € R*! in which n — h&(n) : R¥ — R?! is an implicit function
of n.

(c) The last constraint is given by Eq. (8.5), that is also rewritten as E{ h§(H,)} = b§ € R* in which  — hi(1p) :
R” — R is a positive-valued implicit function.

For given A, and in particular for 4 = 2 yielding H° = Hyw, the constraint Eth°(H®)} = b¢ (see Eq. (7.37)) is
defined by the implicit function 7 = h°(n7) = (hz(;), h&(n), h5(n)) : R¥ — R™ and b° = (bg, bg, b§) € R™ in which
R = R x R?! x R with n, = 23.

8.2. Numerical results and validation

(i) Convergence in Ny, of the iterative sequence {A'}; of the Lagrange multiplier A. We define an error func-
tion i — err(?) to study the convergence of the iteration algorithm (similar to the one described in Appendix B)
that allows the Lagrange multiplier A*' defined in Theorem 3 to be computed. This error function is defined by
err(i) = {(errc(i) / errc(1))* + (errs(i) / errs(1)*}'/2 in which errc(i) = [Ibg — E{hG(Ha)} I/ 1IDE and errs(i) = | b -
E{h5(H,:)} |/ b§. For each one of the three cases of spatial correlation lengths and for nj,, = 1000, 2000, 6 000, and
10000, Fig. 9 displays the graph of the error as a function of iteration number i. It can be seen that convergence is
reached for ny.,, = 10000 and that, at convergence, function i + err(i) is relatively smooth. These graphs show a
good illustration of the convergence of the sequence in n,, of the MCMC generator using the statistical surrogate
model e of h¢ (see Theorem 5).

(ii) Posterior pdf of centered statistical fluctuations of the random effective/apparent elasticity matrix estimated with the
constrained learned dataset. For each one of the three cases of spatial correlation lengths, Fig. 10 shows the graph of
the posterior pdf of random variable AS" defined by Eq. (8.3), which is estimated with the constrained learned dataset
for nyean = 10000 and with the training dataset (prior model).

(iii) Posterior pdf of the random residue of the stochastic equation estimated with the constrained learned set. For
each one of the three cases of spatial correlation lengths, Fig. 11 displays the posterior pdf of the random normalized
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Figure 9: For each one of the three cases of spatial correlation lengths and for 7, = 1000, 2000, 6 000, and 10 000, graph of the error function
i > err(i) allowing the convergence analysis of the iteration algorithm to computt Lagrange multiplier 2°°'. [From [242]].
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Figure 10: Posterior pdf of random variable Agff, estimated with the constrained learned dataset for njeam, = 10 000 (blue thick line), and estimated
with the training dataset (black thin line). [From [242]].

residue R = R s estimated with the constrained learned dataset for nye,, = 10000 and its prior counterpart R = Ry
estimated with the training dataset (prior model). It should be noted that the mean value of the random normalized
residue for the constrained dataset remains close to the one estimated with the training dataset, which was expected.
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Figure 11: Posterior pdf of random normalized residue R, estimated with the constrained learned dataset for 7., = 10000 (blue thick line), and
its prior counterpart estimated with the training dataset (black thin line). [From [242]].

(iv) Second-order statistics of the random residue and of the effective/apparent elasticity matrix estimated with the
constrained learned dataset. For cases SC1, SC2, and SC3, Table 2 gives the posterior statistics computed with the
constrained learned set for 7., = 10000 (subscript ”c”), the prior statistics computed with the training set (subscript
”d”), and the targets (superscript “exp”). It can be read,

(a) the second-order moment of the random normalized residue E {Rf} and the corresponding target b%.

(b) the Frobenius norm || [ C*™]||r of the mean value of the random effective/apparent elasticity matrix.
(c) the coefficient of dispersion 6" = {maxs, pAgff(éz)}l/ 2

in which P actt is the pdf shown in Fig. 10 of random
variable A§T defined by Eq. (8.3).
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Table 2: For cases SC1, SC2, and SC3: posterior statistics computed with the constrained learned set for ny,, = 10000 (subscript ’c”), prior
statistics computed with the training dataset (subscript ’d”), and targets (supercript “exp”). [From [242]].

SC1 SC2 | SC3
E{R%) 1.2938 | 1.2687 | 1.2413
b5 1 1 1
ITCTMlF x 10T | 42106 | 4.1925 | 4.1943
I[CM|lF x 10" | 4.6294 | 4.6923 | 4.6816
ITC™]|lF x 10! | 4.6317 | 4.6549 | 4.6706

O 0.2257 | 0.2469 | 0.2701
selt, 0.1329 | 0.1476 | 0.1671
5o 0.0946 | 0.1374 | 0.1825

(v) Posterior mean value of the random effective/apparent elasticity matrix estimated with the constrained learned
dataset. For the same three cases, Table 3 gives the values of the entries of the mean matrices [ C%j'] computed with
the training set, [ Qecrf] computed with the constrained learned dataset for ny,, = 10000, and [ C*?] for the targets.
Note that entries (4, 5), (4,6), and (5, 6), which are small with respect to the other entries, are not given.

Table 3: For cases SC1, SC2, and SC3: values of [ Qijf] ij computed with the training dataset, [ Q"Cff];_/ computed with the constrained learned dataset
for Rjearn = 10000, and [ C**P];; for the targets. [From [242]].

SC1 SC2 SC3
Entries of
6x6) || [CY1 | [CIT | [C™] || [CYT | [CM | [C™1 | [C41 | [C | [C™]
matrix

(1,1 2.0904 | 2.2600 | 2.2652 | 2.0792 | 2.2914 | 2.2810 || 2.0465 | 2.2751 | 2.2946
(1,2) 0.7427 | 0.8809 | 0.8753 || 0.7269 | 0.8982 | 0.8809 | 0.7140 | 0.8874 | 0.8824
(1,3) 0.7458 | 0.8804 | 0.8745 || 0.7324 | 0.8983 | 0.8800 | 0.7381 | 0.8999 | 0.8826
2,2) 2.0832 | 2.2603 | 2.2668 | 2.0786 | 2.2946 | 2.2846 | 2.0917 | 2.2830 | 2.2822
(2,3) 0.7451 | 0.8802 | 0.8734 || 0.7486 | 0.8950 | 0.8754 | 0.7471 | 0.9045 | 0.8808
(3,3) 2.0839 | 2.2647 | 2.2680 | 2.0777 | 2.2841 | 2.2697 || 2.1038 | 2.2928 | 2.2812
“4,4) 0.6702 | 0.6909 | 0.6958 || 0.6785 | 0.6985 | 0.7003 || 0.6835 | 0.6976 | 0.7027
5,95 0.6714 | 0.6903 | 0.6949 || 0.6732 | 0.6950 | 0.6960 | 0.6726 | 0.6872 | 0.6980
(6,6) 0.6713 | 0.6924 | 0.6960 || 0.6727 | 0.6958 | 0.6970 || 0.6749 | 0.6933 | 0.6991

(vi) Posterior probability model of parameters. The prior probability model concerns the R*-valued random variable
G that corresponds to the spatial discretization of the R?!-valued random field G (discretized in a vector of 3 626 800
components) and the R3-valued random variable W with components (Cpuy, Cypear, 0c). The random bulk modulus Cyyy
and the random shear modulus Cy,., control the elasticity tensor of the nominal (mean) isotropic model at mesoscale.
The dispersion coefficient dc controls the level of anisotropic statistical fluctuations of the random apparent elasticity
field at mesoscale. For cases SC1, SC2, and SC3, Fig. 12 displays the posterior pdf ¢ — pc, , (¢) of Cyy (figure-a),
C B PCyear (€) O Cypeqr (figure-b), and ¢ = ps.(c) of oc (figure-c), estimated with the constrained learned dataset for
Niearn = 10000, and their prior counterparts estimated with the training dataset constructed using the prior probability
model. It should be noted that, each random variable Cyyy, Cypear> OF d¢, has the same prior probability model for the
three cases and consequently, does not depend on the case, contrary to its posterior probability model that depends on
1t.

(vii) Discussion about the presented results. The results obtained with the posterior model (see Tables 2 and 3) show
that the constrained learned dataset significantly improves the prior probability model used for generating the training

40



%1012 x10™"

8 3 4
6
- <2 ®
= L S
S < <
2 1 .
0 0 0
0 2 4 0 0 02 04 06
c <10 c %1010 4
(a) Posterior pdf pc,,, (c) (b) Posterior pdf PCoar (©) (c) Posterior pdf ps (6)

Figure 12: Posterior pdf estimated with the constrained learned set for nye,,, = 10000, for cases, SC1 (green line), SC2 (red line), and SC3 (blue
line), and prior pdf estimated with the training set (black line). [From [242]].

dataset. The comparison of the posterior statistics with the targets are good. The convergence of the sequence of
MCMC generators with respect to the number of points generated in the constrained learned dataset is good as shown
in Figs. 9 in accordance to Theorem 5. As expected, Fig. 11 and Table 2 show that the residue is controlled and
remains close to the reference (the training) for the optimal solution. The target is ”well” reached for the mean value
of the random effective/apparent elasticity matrix (see Table 3). A last comment concerns the effects of no scale
separation. As expected, for the three cases SC1, SC2, and SC3, Table 2 shows that the coefficient of dispersion
is significant and increases with the spatial correlation lengths of the random apparent elasticity field at mesoscale,
inducing statistical fluctuations of the effective/apparent elasticity tensor at macroscale. It should be noted that, even
for the case SC1, for which homogenization in the plane of the plate (domain Q) is guaranteed (the correlation lengths
L¢; and L, being much lower than 1), this is not the case for the correlation length L5 that is equal to the thickness
of the plate. Consequently, there is no homogenization at the macroscopic scale and the effective/apparent elasticity
tensor remains random and is not deterministic.

Appendix A. Analytical examples of classical probability distributions deduced from MaxEnt and a few asso-
ciated properties

Appendix A.1. Case of a real-valued random variable
Let X be a real-valued random variable, with pdf py on R, whose support is 4, C R.

(i) Uniform distribution. If the available information is only the support %), = [a, b] with —co < a < b < +oo, then
MaxEnt yields a uniform distribution on [a, b] whose pdf is written as

pww) = (b—a) gpw) , YweR. (A.1)

(ii) Gamma distribution. If the available information is made up of the support %,, =]0, +oo[, of the mean value
my = E{W} given in %, and of the constraint E{log(W)} = ¢ with |c| < 400, then MaxEnt yields a Gamma distribution
whose pdf is written as

PaY: 7l
T

6 ) my \my

ZW } > VW € R ’ (A2)
0 myy
in which § = ow/my € [0, 1/ V2 [ is the coefficient of variation of W, oy = (E{(W —myw)?})"/? its standard deviation,
and where I'(@) is the Gamma function. Constant ¢ has been eliminated for the benefit of ¢ in order to perform a repa-

rameterization in ¢ instead of keeping c. It can be seen that W=, which exists almost surely (a.s.), is a second-order
random variable E{W~2} < +oo thanks to the constraint |E {log(W)}| < +co.

(iii) Gaussian distribution. If the available information is made up of the support 4,, =] — oo, +oo[= R, of the mean
value my = E{W} given in %, and of the standard deviation oy > 0, then MaxEnt yields a Gaussian distribution
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whose pdf is written as

1 1 )
w) = exps — w—m , YweR. A3
pwn) =~ exp{ =5 50—} (A3)

It can be seen that W! is not a second-order random variable because E{W~2} = +co. Since the support of py is R, a
Gaussian random variable cannot be used for a positive-valued random variable.

Appendix A.2. Case of a vector-valued random variable

Let W be a R"™-valued random variable with n,, > 1 and pdf pw on R"™, whose support is %,, € R™.

(i) Multivariate exponential distribution. If the available information is made up of the support %, = {]0, +oo[}" and
of the mean value my = (my,...,m, ) = E{W} given in 4, then MaxEnt yields the pdf,

pw(w) = pw, (W) X ... X pw, Wp,) , YW=(wp,...,w, )€R™, (A.4)

in which w; = pw,(w;) is the pdf of the positive-valued random variable W, which is written as

Pw,97) = o 4ol O9)) iexp{—ﬁ} . Vw;eR. (A.5)
m; m;j

Equation (A.4) shows that the real-valued random variables Wy, ..., W,  are mutually independent and, for each j, the

positive-valued random variable W; has an exponential pdf. It should be noted that, although the random variable Wj"

exists almost surely, this random variable is not a second-order random variable because £ {W]Tz} = +o00. It should also

be noted that MaxEnt yields independent random variables Wy, ..., W, because there are no available information

concerning some statistical moments coupling the components.

(ii) Multivariate Gaussian distribution. Let us assume that W is a second-order random variable, E{|[W|]?} < +co. Let
my = E{W} € R™ be its mean vector and let [Cw] = E{(W — mw) (W —mw)} € M;; be its covariance matrix. Its
correlation matrix is then [Rw] = E{W W’} = [Cw] + mwmgv. If the available information is the support %,, = R™,
the mean value my given in R™, and the correlation matrix [Rw] given in M;w, then MaxEnt yields a multivariate
Gaussian distribution whose pdf is written as

P = e ep{ 5O T - - m) ) e (A6)
If the covariance matrix is not the identity matrix, then the real-valued random variables Wi,..., W, are mutually
dependent, but if [Cw] = [/,,] (uncorrelated random variables), then these real-values random variables are Gaussian
and (note that a random vector with uncorrelated components and which is not a Gaussian vector, has generally
statistically dependent components). Finally, it should be noted that [[W|~! is not a second-order random variable
because E{||[W]| "2} = +co.

Appendix B. Algorithm for computing the Lagrange multipliers for MaxEnt

Under the hypothesis, %,, = R", an algorithm [1, 351] derived from [352] is presented below for computing
the Lagrange multipliers that are the solution of Eq. (3.8). It is proven that A*! is the unique solution in % of the
optimization problem,

et = in T(4 B.1
arg min ), (B.D)
in which I'(1) = (1, b*) —log(co(A)) and where the constant of normalization c(2) = ( f‘f, exp(—(4, g°(w))) dw)~! will
not be computed. For A fixed in ), let W, be the R"-valued random variable with pdf

pw, = co(d) exp(—(4, g’(w))) , VYweR™. (B.2)
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Comparing Eq. (B.2) with Eq. (3.7) shows that pdf pw of W is equal to pw,,. It is then proven that 2*' is the unique
solution in A of
VI =0 , VI =Db-E{g(Wo}, (B.3)

and the Hessian matrix [I"’(2)] of T'(Q) is positive definite and written as
[T”(D)] = E{g° (W) g (Wp"} — E{g (WD} (E{g° (WD e M, (B.4)

that is to say, is the covariance matrix of the random variable g°(W,). Consequently, function I is strictly convex.
Since the constant of normalization cannot numerically be estimated, a classical descent algorithm cannot be used and
is replaced by searching the solution of Eq. (B.3). The Newton iterative algorithm is used to solve this equation with
an under-relaxation coefficient a; €]0, 1[, which can depends on iteration number i,

A = A — o [T7(A)] 7 VI . (B.5)

For A’ given in ¢; C R, E{g‘(Wy} and E{g‘(Wy)g‘(Wy)'} are estimated using realizations of Wy generated with
a MCMC algorithm for which PW, (W) = co(A) exp(—(A’, g(w))) is the density of the invariant measure. It should
be noted that cy(A%) is not used in the MCMC algorithm and consequently, is not calculated. At convergence, the
generated realizations of Wy are those of W.

Appendix C. Stormer-Verlet algorithm for solving Eqs. (7.22) to (7.24)

The ISDE defined by Eqgs. (7.22) to (7.24) is solved for r € [0, ro] with ro = M X Ar in which Ar is the sampling
step and where M, is chosen in order that the solution is stationary for r > ry. Therefore, the solution at r = rg is a
random vector that follows the invariant measure. For £ = 0,1, ..., My, we consider the sampling points r, = {Ar
and the following notations: [Z] = [Z(¢)], [Y¢] = (Y (r)], and [W?ie“] = [W¥e(r,)]. The Stormer-Verlet scheme
is written, for £ =0, 1, ..., My, as

A
(Z0y1 = [Ze1+ 5 1Y,

1- A .
(Y] = % W+ 5 L1+ 1@ (AW [an],

A
(Zeet] = [Zpay]+ 5 Y],

with the initial condition defined by Eq. (7.24), where 8 = fy Ar /4, and where [.[Z“%] is the M, ,,-valued random vari-
able such that [L, +%] =[2(Z, +%])] =[L(Z, +%] [gm17)] [@,]. In the above equation, [AW}r] is a random variable

with values in M, ,,,, in which the increment [AW}<] = [WYe(rp, )] — [W¥"(r,)]. The increments are statistically
independent. Forall@ = 1,...,vand forall j = 1,...,ny, the real-valued random variables {[AW}YH‘]Q f}ai are inde-

pendent, Gaussian, second-order, and centered random variables such that £ {[AW}T{‘]W[AW}T{‘]H/‘,'/} = Ardyy 0jj.
Efficient values for the algorithm parameters have been found as fy = 4, My = 30, and Ar = 27§/20 in which § is
defined in Section 7.2.1-(iii).
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