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Abstract

The report describes work for EXCALIBUR project NEPTUNE around techniques for Uncertainty
Quantification (UQ) that are expected to prove important for the project, arranged as they might
appear in a workflow to optimise plant design. Firstly, efficient ways of identifying the major sources
of uncertainty are identified, then secondly, techniques for working with this smaller number are
described, including the production of surrogates. Third and lastly, UQ analysis is then continued
with the surrogates used to predict distributions of expected outcomes, with emphasis upon
producing optimal device designs, which are robust against say installation errors. Since
NEPTUNE software may be required for a range of applications including comparison

with theory, there is a discussion around how UQ might best be integrated

in the context of NEPTUNE, prior to completion of research work

external to UKAEA.
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1 Introduction

Uncertainty quantification (UQ) is a topic of interest to nuclear engineers (where it may feed into
probabilistic risk assessment studies of safety), chemical engineers, systems engineers, control
engineers, meteorologists, and probably many others, see the book by Smith [1]. This means that
there is widespread literature available, but unfortunately it also means that the nomenclature is
not standardised. This report will follow Smith’s text as far as possible as to definitions. Smith de-
fines UQ as: “The synergy between statistics, applied mathematics and domain sciences required
to quantify uncertainties in inputs and Quantities of Interest (Qol) when models are too computa-
tionally complex to permit sole reliance on sampling-based methods.” Implicit in Smith’s definition
is thus the production of a surrogate, which immediately highlights differences in nhomenclature
in that both the COSSAN [2] and Dakota [3] packages describe themselves as performing UQ
analysis without necessarily using a surrogate. For NEPTUNE, surrogates will preferably have
an underlying physics basis, and unless explicitly stated, numerical errors due to the discretisation
and to round-off in finite precision computer arithmetic will be neglected.

The material on UQ in the present report will be ordered by application to the workflow in a generic,
large scientific-modelling package as presented by Habib Najm at the Workshop on “Data Assimi-
lation and Uncertainty Quantification at the Exascale”, 24-25 September 2020 drawing extensively
from ref [4]. The first stage of the workflow is to understand the behaviour of the full model, as-
sumed to be dependent on a large number of parameters d, giving rise to the so-called ‘curse of
dimensionality’, see Section It is notable that Najm prefers to proceed to use only a small
number of techniques of global sensitivity analysis, concentrating on sparse sampling and does
not first examine sensitivity to small changes in input (ie. local sensitivity analysis). The second
stage is to produce a surrogate dependent only on of order ten or so parameters, and the third is
to use such surrogates to compute uncertainty in Qol, which may include solutions with optimal
properties. It will of course be seen that sampling techniques remain important because thay are
needed both for the first and third stages.

Before proceeding, it is worth remarking that two different kinds of uncertainty are distinguished,
namely aleatory and epistemic uncertainties, less confusingly referred to as ‘irreducible’ and ‘re-
ducible’ uncertainty. The first have been referred to as the “unknown unknowns”, and the second
as the “known unknowns”, in that the latter could be determined simply by further measurement.
Patelli et al [2] argue for more of a continuum of ignorance, because for example certain measure-
ments may be available some but not all of the time.

This report will begin by describing the mathematical basis of methods used in UQ, ordered by
the above stages in Section [2] It will proceed in Section [3|to outline how the mathematics might
be implemented in the NEPTUNE software, and a brief summary is provided in Section



2 Mathematics Background

2.1 Understanding Model Behaviour

This section describes techniques useful in global sensitivity analysis, specifically

e Polynomial Chaos Expansion (PCE)

e Sparse regression with application to PCE, including LASSO/Basis Pursuit (BP) algorithms
e Multifidelity Monte-Carlo (MFMC)

e Multilevel Monte-Carlo (MLMC) and Multi-Index Monte-Carlo (MIMC)

The ‘curse of dimensionality’ The need for special techniques arises from the need to treat
problems typically with a large number d of parameters that give rise to the so-called ‘curse
of dimensionality’. The curse defeats simple uniform sampling strategies where supposing that
10 samples are taken for each parameter, the number of samples required is 10¢. This fact mo-
tivates use of Monte-Carlo (MC) sampling which has costs independent of d but gives rise to a
slowly reducing errorec 1/4/N in the calculation of averages, where N is the number of samples.

To calculate more accurate statistics, use is made of Quasi-Monte-Carlo (QMC) sampling, see
the appended Section and sparse (quadrature) sampling Section which can achieve
errorsec (In N)?/N. Even in this expression, the power-law dependence on d restricts use of the
technique to values of d of order ten or so, more precise values depending on the cost of a single
sample calculation, hence the need for techniques of sparse regression to identify a restricted set
of parameters.

2.1.1 Polynomial Chaos Expansion (PCE)

Polynomial Chaos Expansion (PCE), also known as the Wiener chaos expansion [5], is a method
for determining the evolution of uncertainty in a dynamical system where there is imperfect knowl-
edge of the system parameters. Uncertain parameters and variables are supposed to depend
on a normally distributed random variable ¢, and are then expressed using a Hermite expansion.
For example, density n(x,t), usually a function of position x and time ¢, would gain an additional
#-dependence and be written

Ng
n(x,t,0) =Y n;(x,t)H;(0), (1)
j=0

where n;(x,t) are deterministic coefficients and H; are the Hermite polynomials. Hermite poly-
nomials are used as these are orthogonal with respect to a Gaussian (i.e. normal distribution)
weight,
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where 6,,,,, is the Kronecker which is 1 if n = m and 0 otherwise. Statistical properties, which are
moments of n with respect to 0, are then known simply in terms of the expansion coefficients. For
example, the expected value of n is

E(n) = / n(x,t,0) df = ny(x,t). (3)
Moreover, by taking the inner product of the model equations with each Hermite polynomial in
turn, one obtains a set of moment equations for the evolution of the coefficients n;. For example,
taking moments of the equation for the conservation of density,
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with e;;, = ffooo H;H;H), df being (easily-computable) integrals. Equation also appears in the
Equations document [6]. Solving allows one to reconstruct n(x,t,6) via (1), which gives the
density along with a quantification of its uncertainty through 6.

This method may be generalised to include a set of random variables {6;}, in which case an
expansion analogous to (1) is made using tensor Hermite polynomials.

The Hermite expansion approach is appropriate only for § a normally distributed random variable
(or certain similar types, like log-normal distributions). For other distributions, convergence of the
expansion with Ny can be extremely slow. However using non-normal distributions is often
desirable; for example, it might be known that errors are non-negative, or uniformly distributed. To
allow modelling with non-normal distributions, Xiu [7] introduced Generalised Polynomial Chaos
(gPC). In gPC, the random variable 6 is generalised to be a random variable with any distribu-
tion function f. The Hermite polynomial expansion is then replaced with an expansion in the set
of orthogonal polynomials whose weight function is f. For example, if 8 is uniformly distributed,
the expansion is in Legendre polynomials. The gPC theory also supports discrete random vari-
ables, such as the Poisson and the binomial distributions; a list of random variables and their
corresponding orthogonal polynomials are given in [7, Table 2.1].

The method described above is intrusive, that is, if one only has software to solve the original
problem for n, then non-trivial changes are likely required in order to solve for ng. An
alternative non-intrusive approach may be derived as follows. Suppose the solution is sampled at

a set of N random points {6, }] 1» and construe n as a distribution in probability space, viz.

n(x,t,0) Znijt 0 —96,). (6)

(9)> : (7)

Equating (6) with (1) in the weak sense, there obtains

<Znijt5(9 ;)| Hy(6 > <Zn]xt
7=0
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where (-|-) is the inner product defined in (2), so that

Ny
1 —62
ng(z,t) = Wznsj(xat)}[k(ej)e %, (8)
j=0

This expression for n; may be calculated using only knowledge of n from solving the original
equation (4).

2.1.2 Sparse linear regression

Linear regression Suppose a data set {y;, z1;, ..., rp;}Y, to consist of N observations of the
dependent variable y and the d independent variables x, supposed related by the model y = x3,
where 87 = (B1,...,8,) is a vector of unknown coefficients of the model. The classical linear
regression problem determines 3 by minimising the L,-norm error,

min ||y — xB]*. (9)
BeR

When there are more observations than parameters, N > d, this has the well-defined solution
B* — (XTX)_ley-

Sparse linear regression In some applications there are many more observations than parame-
ters N >> d, and moreover expect many of the observation points x; to be irrelevant for determining
y. In this case, expect many of the coefficients /3; would be expected to be zero, but will not known
a priori which can be neglected. Many approaches have been developed to incorporate sparsity
into linear regression. This section focusses on

e Sequential Least-Squares’ Thresholding (SLSQT)
e Best Subset Selection
¢ Ridge Regression

e LASSO

The last three of these may all be formulated as regularised least-squares optimisation, i.e. least-
squares subject to an additional inequality constraint. For simplicity, the following discussion is
restricted to the case when the independent variables x; are orthonormal, (x;|x;) = d;;, which ap-
plies when the independent variables are the basis functions from a polynomial chaos expansion.

Sequential Least-Squares’ Thresholding (SLSQT) is simply described as a sequence of least-
squares’ fits in which after each fit regression coefficients that drop below some researcher-fixed
threshold are set and remain zero thereafter. This has proved very successful for Brunton et al [8].
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Best subset selection A natural formulation for seeking a sparse coefficient vector 3 is to re-
strict 3 to having a small number of non-zero entries. The linear regression problem (9) is modified
to

min ||y —xB|5 subject to ||B]lo < C. (10)
BeRd

where ||3]|o is the “0-norm” which simply counts the number of non-zero elements of 3. This is
known as “Best Subset Selection” as the constraint on 3 restricts the nonzero coefficients to a
k-dimensional subspace of the original problem.

Equation (10) may be written in Lagrangian form,

(1 2
iy (= %1+ Ml ). (1)
which is solved by
8 = Hy(8) = B (18] > VIX) (12)

where 7 is the indicator function that is unity if its argument is true, and zero otherwise, and
B* = (x"'x)~'x”3 is the solution to the ordinary least-squares problem. Here H,, is the “hard
thresholding function”, which sets coefficients to zero once they are sufficiently small, but leaves
other coefficients untouched.

This approach is however computationally infeasible. This is because the “0-norm”, the d — 0 limit

of the d-norm, ||B]la = (3, ﬂf)l/d, is not actually a norm (as, for example, ||28|lo # 2||8|l0). This
means one cannot minimise || - ||o except by exhaustive search. Therefore other methods replaces
the “0-norm” with d-norms that are computationally tractable.

Ridge regression In ridge regression, also known as Ls regularisation, the “0-norm” might be
replaced with the Euclidean 2-norm,

i (= %818+ NIB13). (13)

BeRP

This approach, a variant of Tikhonov regularisation, mitigates the problems due to dependencies
among the variables z;. However, because V|x||3 = —x/|x||3 is invariant under a rescaling of x,
Equation has the solution

Bi=(1+NX"'5;. (14)
Evidently, this solution does not increase the sparsity of the solution and so does not reduce the

number of model parameters, leading to consideration of use of the 1-norm in Equation (13).

LASSO The LASSO method, also called basis pursuit denoising or L, regularisation, and indeed
‘compressed sensing’ (CS), turns out to yield the favourable features of Best Subset Selection

5



and Ridge Regression. In LASSO, the “0-norm” is replaced with the 1-norm, ||8]1 = >_, |5, in
equation (10),

: 1 2
— Iy — A . 1
min (1l 813 + NS (15)
Although not obvious, it may be shown using the Karush-Kuhn-Tucker conditions for constrained
optimisation that the 1-norm is also minimised by values of 3 containing exact zeros; moreover,
smaller values of C'in yields 3 with more zeros. The 1-norm, being a norm, is also computa-
tionally tractable.

The solution to is

A
B = Sux (8]) = 6} max (0, - %) 7 (16)
J

where S, is the “soft thresholding function”. This solution both shifts coefficient values towards
zero, and sets the smaller values to zero, increasing the sparsity.

2.1.3 Multifidelity Monte-Carlo

Multifidelity modelling In conventional modelling, normally a “high-fidelity” model is produced
which captures as faithfully as possible the system being modelled. Such models can be compu-
tationally expensive, motivating the use of low-fidelity, or reduced, models which approximate the
same system but that, for example, describe simplified physics, or use a lower resolution grid. Re-
duced models are much cheaper, but may be much less able to predict the behaviour of a physical
system. Moreover it may be difficult to certify the model by quantifying uncertainties.

Multifidelity modelling is an approach between these two extremes. It uses both high-fidelity and
(possibly multiple) low-fidelity models in an attempt to place guarantees on the properties of the
solution.

Monte-Carlo sampling In Monte-Carlo sampling, there is an uncertain input (random variable
Z) to a high-fidelity model, f(). The outputs from the model f(1)(Z) are also uncertain, so the
goal is to calculate statistics, such as the expected value of the output, s = E(f(1)(Z)). Estimators
for this statistic are made by making NV evaluations of the model, that is, taking N realisations z;
from Z and computing
1 1 &
s=gy = = > =), (17)

N 4
=1

If the work of evaluating the model once is W7, then the Monte-Carlo process costs NW; work.

Multifidelity Monte-Carlo (MFMC) In multifidelity Monte-Carlo, the single high-fidelity model
) supplemented with a collection of i —1 lower-fidelity “surrogate” models, £, ..., f#) where
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fidelity decreases with increasing index. Model i is evaluated n; times, where higher fidelity models
are evaluated fewer times, n; < ns < ... < ng. Define mean estimators y =1 =3 fu ( i)
(from calling the jth model n times), and from these construct the MFMC estimator for S,

K

§= +Za (ym —ym 1). (18)

=2

Compared to (17), this requires many fewer evaluations of the high-fidelity model (n; < N), but
additional evaluations of the surrogate models. In (18), the brackets term expresses the change
in mean estimator of () that results from calling model i more times relative to model i — 1, the
model that is one-level higher-fidelity. The estimator is unbiased, and moreover gives the freedom
to choose the model evaluations n4, na, ..., nx and the coefficients as, ..., ak.

The cost of evaluating s is Zfil W;n;. Because surrogate models are cheaper to compute
(W, > W, for all i > 1) and many fewer evaluations of the high-fidelity model (n; <« n) are
anticipated, this cost is significantly less than the cost NW; of the conventional Monte-Carlo cal-
culation. Peherstorfer et al. [9] used this approach to obtain the same accuracy as a high-fidelity
MC simulation, but with a reduction in runtime of four orders of magnitude.

Multi-Level Monte-Carlo (MLMC) Multi-level Monte-Carlo (MLMC) is a more efficient way of
estimating averages and other statistics than by means of random or Monte-Carlo (MC) sampling.
MLMC is usually associated with the name of Mike Giles [10]. Suppose that a model or surrogate
problem may be solved with a range of spatial and/or temporal resolutions. The basic idea is that
sample solutions computed with different levels of resolution may be combined to produce means
and other statistics (giving estimates of uncertainty) as accurately as though all solutions had been
obtained using the finest level.

In more detail, for the example of a steady solution obtained with different spatial levels of resolu-
tion [11], the MLMC algorithm is

1. Construct a hierarchy of meshes, spacings h;, where | = 0 is the coarsest level and | = L is
the finest.

2. For each I, draw a level-dependent number N; of samples from the parameters/fields to be
sampled, eg. U denoting a single solution depending on d spatial variables alone.

3. Solve the model or surrogate problem N, times at each level, giving an ensemble of solu-
tions UF, k=1,... N,

4. Estimate the mean (other moments of the distribution follow similarly) as
L
EF[U] =) EfU, - U] (19)
=0

using simple averages E; with U_; = 0



Large gains occur when N; = No4!? where the solution scheme is of order p < (d + 1)/2. A refine-
ment of MLMC, referred to as Multi-Index Monte-Carlo (MIMC) [12] allows for k; to be different by
factors of 2 in different coordinate directions. As illustrated in Figure[f] the differences of function
values in Equation on two isotropic meshes may be replaced by differences between values
on several different anisotropic meshes.

N

Figure 1: Different meshes for use in MLMC and MIMC in 2-D. In MLMC, only the bottom right and
top left would be differenced in the Equation (19), whereas all four might be differenced in MIMC,
depending on choice of ‘index set’.

Note that Najm et al’s work [13] often focusses on quantities of interest (Qols) @ rather than the
whole solution. They also point out that the error in the standard deviation is not available in closed
form and its calculation involves a complicated approximation which they describe [13, §II.B.1].

2.2 Producing Surrogates

By this stage, the parameters that contribute most to the uncertainty have been reduced to a
more manageable number, so that a global examination can be made of this remainder. Relevant
techniques employed during this stage are

e Sparse quadrature sampling, especially adaptive
e Forward UQ

e Sobol Analysis

2.2.1 Sparse Quadrature Sampling

The idea of sampling on sparse grids seems to have supplanted QMC sampling (see Appendix Sec-
tion for many applications, presumably because it can be made to adapt to the functional de-
pendence of outputs suggested by the sampling, unlike QMC or indeed Latin hypercube sampling
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Figure 2: Sparse grid sampling. The point sets lying below the diagonal drawn dashed are
omitted.

(see Appendix Section[5.2). The review article [14] is remarkable for the wide range of references
on the subject of sparse sampling, not just in application to quadrature (evaluating integrals of
functions). The key idea is best illustrated graphically, see Figure [2] and is that provided the inte-
grand is well behaved, it is sufficient to have sample or quadrature points concentrated along the
coordinate axes in the centre of the domain. (There is a variant which includes samples at the
edge of the domain of integration.) The resulting set of sample points is shown in Figure [3(a). The
locations of the points in the higher order sets are always determined by bisecting the positions of
those in the lower order sets.

Provided that integrands are sufficiently smooth, integrals can be proved [14] to converge at a rate
O(log(N)*"1/N) (20)

where d is the number of dimensions over which the integral is performed. Indeed, by careful
choice of point sets, excluding some which lie above the equivalent of the diagonal in Figure [2| for
greater sampling density than shown there, it is possible to achieve convergence of the integral at
arate

O(N™Y) (21)

There is the important caveat that this rate is achieved only in the ‘energy’ norm:

1 ls= J (/é(?f)w) @)
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Figure 3: On the left is an example of isotropic sparse grid sampling. The diagram on the right
indicates how the vertical direction may be more coarsely sampled than the horizontal, by omitting
further the point set labelled (c) in Figure [2]

and in other norms the d-dependent rate Equation (20) is found. Nonetheless this implies that the
number of samples needed to characterise the parameter space is

O(N log(N)4~1) (23)

If singularities are present, then sparse grids can be locally adapted [14], end § 4], most easily using
the fact their construction by bisection naturally leads to error estimates based on the difference
between the solutions on the mesh before and after subdivision. As explained in ref [15] sparse
grids can also be dimension adaptive, placing more points in some coordinate directions than
others, as illustrated in the right diagram of Figure [3|

2.2.2 Forward UQ

“Forward UQ” is conceptually the easiest kind of uncertainty quantification, in that it is assumed
that the uncertainties are known at the outset. Thus in the case of a physics-based problem,
all the important physical processes are regarded as having been identified, so that they can be
parameterised. These parameters will in turn have known uncertainties, specified via probability
distributions denoted p(x).

The commonest distribution is the Gaussian, as a consequence of the Central Limit Theorem,
which states that the probability distribution for the sum of an increasing number of independently
and identically distributed random variables with appropriately normalised finite mean and vari-
ance tends to the “Normal” (ie. Gaussian) distribution. In practice the theorem is found to apply
to most measurements, implying it is accurate for numbers less than ten, as the measurement
chain from experiment to observer typically involves the compounding of a relatively small num-
ber of errors. If parameters are expressed in terms of bounds on their extreme values, this of
course corresponds to uniform distributions. “Interval analysis” [16] includes this case, but also
the Dempster-Shafer structure, whereby uncertainty is described by overlapping parameter inter-
vals with different uniform probabilities.
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It is straightforward, given a random number generator (RNG) that is equally likely to return any
number &; within the unit interval [0, 1] to scale the outputs to be uniformly distributed in an arbitrary
finite interval [a, b], and relatively straightforward to arrange so that numbers are output with a
given frequency distribution. Both commercial (such as matlab”’) and opensource packages
(eg. Python NumPy Generator [17]) are available. They rely on the fact that the cumulant (ie.
definite integral) of a probability distribution is uniformly distributed, so that if the Cumulant P(x) is
defined as

P)= [ plas (24)
then samples z; = P~1(&;),i = 1,2,..., N become distributed according to p(x) as N becomes

large.

Forward UQ most easily proceeds by constructing an ensemble of realisations of the detailed
models at parameters sampled according the specified distributions. A distribution for each Qol
may be estimated using the ensemble, from which follows an average and a standard deviation
estimate for the Qol. Thus it is customary to talk of uncertainty as being propagated through the
system.

2.2.3 Sobol

The use of adaptive sparse grids is a well-established procedure, see ref [18] to perform the
Sobol ANOVA-like analysis. The approach described by Sobol [19] (based on a Russian paper
from 1990) is based on a function-theoretic result which applies to a function which must at least
be continuous. The ‘Sobol’ decomposition generalises ANOVA, where ANOVA stands for ‘Analysis
of Variance’, a family of statistical methods for quantifying how the outputs of a system depend on
its inputs, usually based on linearity assumptions.

Suppose that the function is f (x) = f (z1,22,...,24) Wherex € I? (ile. 0 < 2, < 1,k =1,...,d),
then the Sobol decomposition is

d d—1 d
fl@yma) = fo+ > fulmn)+ Y Y fir(@jan) + -+ fiz_a(x) (25)
k=1

j=1 k=j+1

where fj is a constant and the integral of each term in the sums is zero, i.e.

1
/O fj1j2--.jr (xj17$j2¢ N ,l’jr) d.CEjk = 0, 1 S ]{3 S T (26)

There is the expectation that this latter property ensures that the term of higher order in » become
negligible. The applicability to statistical analysis is evident when it is realised that Equation (25)

may be interpreted as an expansion for the joint probability distribution f (x1,...,z4) since, inte-
grating over the variables z ;. as appropriate and using Equation gives
fo = E(f)
filzi) = E(flz:) — fo (27)

fij(wi,x5) = E(flwg, x5) — fo— fi(zs) — fi(z;) (28)
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so that the numbered equations give successively the effect of variation of one variable, two-way
interactions, etc. Similarly, squaring Equation and integrating gives relations for the variances

Vij(xi,x5) = Varg, (Epziizi(flo,z;) = Vi=V; (30)

(k # 1 denotes that the expectation E is computed by integrating over all the z; except for z;)
which normalised by the variance Var(f) are equal to the Sobol sensitivity indices S;, Sij, ...,
respectively.

As noted by Huan et al [4] § 3.2], the Sobol indices may be expressed directly as sums of squares
of the coefficients of a PCE. It will be evident that S; gives a normalised measure of the sensitivity
of the distribution of f to the parameter z;, so that small S; justifies neglect of x; in subsequent
analysis.

2.3 Efficient Use of Surrogates

Once a PC surrogate has been constructed, it can be used in Bayesian inference on model pa-
rameters and optimisation under uncertainty. The relevant mathematical techniques are

e Surrogate models in general.
e Bayesian inference, with application to model parameters

e Optimisation under uncertainty

2.3.1 Surrogate Models

The current trend for forward UQ (Section in large-scale computational models, where the
aim is to quantify the statistics of simulation outputs based on the assumed statistics of uncertain
model parameters, has led to a need to perform large numbers of simulations in order to chart high-
dimensional input parameter spaces (see, for example [20]). Brute-force application of Monte-
Carlo using full accuracy in-silico models is impractical due to the requirement to perform possibly
millions of simulations, if each is required for one sample since the convergence rate of MC scales
as \/% for N samples. One solution is to view the simulation (regardless of its microscopic physics
and myriad degrees of freedom) as a black box that takes input parameters and produces outputs,
and then replace the full simulation by a surrogate model whose purpose is to reproduce the
outputs of the simulator with an adequate degree of fidelity and at low cost. Surrogate models (also
called response surfaces, metamodels, or emulators) must be calibrated using past knowledge of
the simulator and by a limited number of full simulations for judiciously-chosen input parameter
sets.

Modern methods for constructing surrogate models divide fairly neatly into regressions against
sets of random variables, and machine learning based approaches. A few examples of both types
follow (further information can be found by following the links in [21]).

12



Kriging also known as Gaussian process regression, involves the assumption that the un-
derlying uncertainty in the sample data follows a Gaussian process, that is, a stochastic process
Z.;x € X such that for every finite set of indices x4, ...,z

Zzl ~~~~~ T T (Za?lv "'ZSEK) (31)

is a multivariate Gaussian variable. An equivalent definition is the statement that there exist real-
valued ojy, p1; for any sq, ..., s € R such that the expectation is

K
. 1 .
E (exp (Z E Skak>> = exp 5 E OjkSjSk +1 E s | - (32)
Ik J

k=1

The p; are the means of the process and the ¢;, = C(x;,x;) the covariances. The latter are
typically chosen from a standard dictionary of functions. Common choices correspond to well-
known stochastic processes and include Gaussian white noise,

O(zi, ;) = 026(w; — x5); (33)

Ornstein-Uhlenbeck, which is used to describe the velocity of a particle under the influences of
damping and Brownian motion,

Claray) = exp (272 (34)
and Matérn,
2171/ €XTi — T v €Ti — T
oy 2 i T i Xy
Clxs,xj) =0 ) <\/21/ 7 ) K, (\/QV 7 > (35)

which has a number of desirable properties, for example the ability to model a process that is
discontinuous at a chosen order of derivative (K, is the modified Bessel function of the second
kind). In the above Equations(33) and (35), o, L and v are examples of hyperparameters, which
are typically determined by use of Bayesian methods.

In simple kriging the mean p is known in advance and the estimator for the value of the process at
point xg is constructed as a weighted linear combination of the existing set of N samples

N
Z*(x0) = p+ > wi(Z(x:) — p); (36)

i=1

minimisation of the prediction variance leads to a simple expression (actually a least-squares
estimator) for the weights in terms of the matrix of covariances between the sample points C;;
C(z4, ;) and the vector of covariances between the estimation point and the sample points D;
C(xg, ;) as w = C~1D.
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Figure 4: Kriging estimator (red curve) and its associated standard deviation (grey). The dotted
line shows a plausible spline fit that nevertheless departs from the Maximum Likelihood kriging fit.
Taken from [22].

In the case of a constant unknown mean, one has ordinary kriging (note it still involves the as-
sumption that the mean is constant), and the formulae above are supplemented by a condition
that the estimator be unbiased (this is simply the constraint that the weights sum to unity), which
can be incorporated using a Lagrange multiplier. The variance of the estimator can be computed,
leading to an intuitive plot that resembles a string of sausages (Figure [4). There are successively
more involved kriging varieties based on further generalisation, for example general polynomial
models of the underlying trend. Note that there is also gradient-enhanced kriging, which uses an
estimate of the local gradient to reduce the variance of a kriging estimator.

Generalised Polynomial Chaos (gPC) involves expanding model outputs Y in terms of or-
thogonal polynomials of random variable inputs X (orthonormality being defined with respect to
the measure associated to the distribution of the X - e.g. Hermite polynomials in the normal-
distributed case). Construction of the surrogate is then reduced to the task of determining the
coefficients in the expansion (which obviously is truncated at some polynomial order); this can
be accomplished by means of least-squares analysis. Once the coefficients are available, the
truncated PCE can be sampled at negligible cost and thus the full probability density function of
the output is available, as is access to the sensitivity analysis via Sobol indices which represent
the portion of the output variance due to each input parameter or combination of parameters (see
Section [2.1]for more details).

Artificial Neural Networks (ANNs) are models consisting of arrays of interconnected nodes
(artificial neurons) that react to inputs in a non-linear way. The neurons (nodes) and connecting
edges have weights associated to them that control the output for a given set of inputs: these
weights are dynamically adjusted in response to training feedback taking the form of an error
measure, a process called unsupervised learning. Such general models abandon any attempt to
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match the model to the specific problem, with specificity emerging as a result of what is usually
extensive training.

The input to a typical neural network is a vector of elements x;, which are combined by a series
of linear filters to give inputs to the hidden unit neurons

h; = ijkl'k, (37)
k

the output of which is a function of the input
Xj = g(hj), (38)

where the activation functions g are nonlinear. Typically chosen to suppress large outputs, they
are frequently sigmoid in form; one such choice is tanh(8h). The topology of the network often
corresponds to a number of ‘layers’ followed by a final set of output nodes, see [23], [24} §6.7].

Such a generality of models provides potential surrogates for a wide range of problems including
situations where the model exhibits discontinuities in its derivatives. The selection of an appro-
priate member of the neural network zoo [25] is a further challenge. Both the ‘zoo’ and ref [24]
§6.7] give brief indications as to which ANN topologies might be most appropriate. Within a given
topology, it of course desirable to identify the number of minimum number of neurons needed,
although this is probably less critical in application to NEPTUNE.

Reduced-order models (ROMs) are commonly produced using projection methods in which the
dynamics of the full forward problem are projected onto a reduced-dimensional subspace. The
latter is generally assembled using proper orthogonal decomposition or reduced basis methods,
and using a set of full simulation outputs (‘snapshots’). The success of these methods is connected
with the merits of ‘diagonalising’ the problem to a set of uncorrelated degrees of freedom and
identifying the components that have the biggest eigenvalues, a procedure known generically
as principal components analysis. As with the methods outlined above, the reward is a more
parsimonious way of calculating the model dynamics, see [26]. These models will be discussed in
more detail as part of the Milestone Report M2.5.2 scheduled for August 2021.

2.3.2 Bayesian Inference as Applied to Model Parameters

The general problem of modeling a physical system involves the need to fit a model of some kind
to existing data: there is a model architecture, m, with a set of adjustable parameters 6, as well as
some measured data x, and the goal is to choose (or, in statistics jargon, infer) 6 so as to provide
the best agreement to x. This is also referred to as “Inverse UQ”, to be contrasted with “Forward
UQ” where the input distributions are given and the aim is to estimate the the uncertainties in the
outputs.

The Bayesian formulation of this inverse problem relies on evaluating the 6 that are most likely,
given the model, the measured data, and, crucially, our prior beliefs about what parameters are
plausible - leading to conditional probability. The fundamental tool for performing this sort of
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‘turnaround’ of conditional probabilities is Bayes’ rule, which gives us the following quantity to
maximise, called the posterior distribution:

p(x[0, m)p(6]m) )
max (p(0]|x,m)) = max < , (39)
(p(0] ) p(x|m) = [ p(x|6, m)p(8m)xdf
the right-hand side of which (whose term p(x|6, m) represents the probability of having obtained
the data x given parameters 6 and model m; p(6|m) represents advance belief about which val-
ues of the parameters are reasonable - the Bayesian prior; the denominator being essentially a
normalising factor) can be expressed illustratively as

(40)

(likelihood X pm’or)
max g .
evidence

A full Bayesian model such as this involves, potentially, a great amount of work. Not only must
a high-dimensional normalisation integration be performed, but there are two optimisation loops,
one over the set of parameters, and also a maximisation over possible model architectures as well.
To reduce the workload, the decision might be taken to use only one model architecture, leading
to the problem

max (p(f|x)) = max <p(x9)p@)) . (41)

p(x)

This is called Maximum A Posteriori (MAP) estimation (note that it uses the modal value - the
maximum of the distribution). An additional simplification is to note that the normalisation integral
in the denominator can be disregarded as it does not affect the position of the maximum.

Further assuming a uniform prior leads to the simplest kind of model estimation, Maximum Likeli-
hood (which one might also say is not really Bayesian at all):

max (p(0]x)) = max (p(x]6)) . (42)

Maximum Likelihood leads to the familiar and much-used least-squares error measure, which is
the Maximum Likelihood estimator for data with normally distributed errors (another detail is that
the sums of squared normal variables obey the chi-squared distribution ubiquitous in elementary
goodness-of-fit testing). Model fitting using least-squares is achieved by using the matrix pseudo-
inverse (MTM) ~' M to derive (few) model parameters from (many) data points, actually a case of
singular value decomposition (SVD). There are other worthwhile tricks e.g. writing strictly positive
parameters as the square of something else before fitting (this can be used to avoid getting e.g.
negative fitted variance hyperparameters). For more details, see, for example, [23].

2.3.3 Optimisation Under Uncertainty (OUU)

The problem of Optimisation Under Uncertainty (OUU) is an expanding area in the wider field of
Operational Research, and also in engineering where it may be the case that simple deterministic
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Figure 5: Workflow for optimisation under uncertainty (after [27]).

optimisations turn out not to be sufficiently robust when say devices are built with the tolerances
typical of many construction methods. Obtaining solutions which provide the optimal value for a
given ‘objective function’ normally involves many simulation runs, which now have to cover the set
of parameters characterising uncertainty, thereby ‘inheriting and magnifying all the difficulties of
forward UQ’ ([27]). It is clear that this motivates the use of lower fidelity and surrogate models to
the fullest practical extent.

Najm and coworkers [13] have integrated the well-known DAKOTA package for UQ [3} 28] with
the package SNOWPAC (Stochastic Nonlinear Optimisation with Path-Augmented Constraints) to
perform OUU, see the example in Figure [l The workflow begins on the left, with an offline model
reduction using global sensitivity analysis (GSA), compressed sensing techniques (CS) applied
to polynomial chaos expansions (PCE) and multi-level Monte-Carlo (MLMC) as described in the
preceding Section[2.1]and Section The inclusion of uncertainty means that the objective func-
tion and the constraints have to become functions of the parameters 6;. In ref [13] the objective
function is eg. taken to be a robustness measure given by a linear combination of the expectation
value and the standard deviation i.e. E(Q) + ¢Var[Q)], for some constant ¢ > 0. The optimisation
driven by the DAKOTA plus SNOWPAC combination, incorporates forward uncertainty quantifica-
tion using MLMC or adaptive sparse quadrature multi-level multi-fidelity (ASQ-MLMF) modeling.
Note the ‘simulator’ used during the optimisation is likely to be a surrogate model.
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3 Outline Implementation

The work of ref [4] is important for NEPTUNE in that simultaneous use is made of both a 2-D
and a 3-D fluid model, referred to as MFMC (Multi-Fidelity Monte-Carlo, Section [2.1.3). Samples
from different planes are used to produce a low-fidelity 2-D model with stochastic parameters
as described in ref [4] §4.1], using Bayesian Inference as described in Section There
is an important physical underpinning that the flow modelled by Huan et al [4] is primarily in a
single direction, variation in which is neglected to produce the 2-D model. This is encouraging for
NEPTUNE, as similar arguments relating to variation along the magnetic field are used to justify
use of 2-D edge codes for the tokamak scrape-off layer (SOL).

Indeed, for SOL application, it is conceivable that multi-fidelity work involving 1-D fluid models may
be efficient, when it is remembered that the so-called ‘Onion-skin’ models [29], have found a good
deal of utility in SOL physics. The ‘onion’ is the plasma imagined to consist of separate skins, ie.
layers delineated by equilibrium flux surfaces. Typically experiment provides boundary conditions
at the wall for transport along the flux tubes of which each such layer may be supposed to be
composed. Thanks to the axisymmetry of the magnetic field it is only necessary to consider a
1-D problem for each tube. The solutions of these 1-D problems for the different layers are then
combined to produce a 2-D ‘onion-skin’ solution for which agreement to within 20 % of an explicitly
2-D fluid model is obtained in many cases [29].

The 3-D fluid models of NEPTUNE approximate in turn 5-D gyro-averaged or 6-D full phase-
space dynamics. These more complex models may be needed particularly when the plasma
collisionality is low, but then there is a change in physical emphasis in that the influence of the
boundaries may be directly transmitted throughout the low collisionality region. For the spatially 5-
D/6-D models, even at higher collisionality, theoretical analysis produces series of correction terms
to be added into the fluid models. These are in addition to other physical effects such as plasma-
neutral particle interaction, radiative loss etc., all adding up to a substantial additional challenge
for usage of MFMC in NEPTUNE.

The works of Najm and collaborators [4, [13] have delivered a workflow primarily aimed at produc-
ing at an optimal design under uncertainty:

1. Global sensitivity analysis, to identify key parameters, see Section[2.1
2. Forward UQ using adaptive sparse sampling, see Section
3. PCE surrogate for inverse UQ and OUU, see Section

Whilst the above workflow has very sophisticated components, it does not cover all NEPTUNE
applications. For instance, the physicist seeking to gain better understanding of the SOL may not
be immediately interested in a particular optimisation. Such usage might require only relatively
simple scans in one or two parameters to compare with theory, for which a local sensitivity ap-
proach (ie. examining the effect of small changes to other parameters one at a time) could provide
adequate UQ.

More demanding is to improve understanding of the often highly nonlinear dynamics of the SOL,
where it is possible for small-scale structures such as internal layers or local hot-spots to form. An
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example of the former might be the radiative fronts which develop as the plasma detaches from the
first walls, where it could conceivably be critical for the numerical solution to resolve these fronts.
One approach to reduce the uncertainty as to whether the discrete representation is adequate
is ‘bifurcation-tracking’ whereby a branch of solutions is followed from where it emerges by initial
linear instability on well-characterised physical scales, into the nonlinear regime. The physicist
user may thus, after examining surrogate behaviour, want NEPTUNE to produce many more
higher fidelity solutions. These solutions could usefully provide feed-back that the parameters of
the surrogate require modification, and hence this user’s particular workflow might become very
involved as it seeks to ‘home in’ on detachment processes.

Hence there are different potential workflows aimed at optimising designs, improving physical
understanding, and indeed to produce optimal surrogates for use in device control [24]. The final
decisions as to what should be implemented in NEPTUNE, await the production of the Milestone
Reports M2.4.2 and M2.5.2 scheduled for August 2021.
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4 Summary

This report has arranged the statistical and applied mathematical techniques of UQ according to
a likely NEPTUNE workflow for device optimisation. Other workflows have been considered, see
Section [3| where a need is recorded to treat code validation against theoretical models including
comparison with experiment.

Other authors arrange the subject of UQ rather differently, thus the textbook of Smith [1] treats
additional topics under the headings of “Model Calibration” and “Parameter Selection”, which
loosely correspond to Stages 1 and 2 respectively, “Uncertainty Propagation” which corresponds
to Stage 2 and “Model Discrepancy” which corresponds to Stage 3. Regarding the COSSAN
software [2], there is a toolbox arrangement. Thus sampling (grouped with interval/subset meth-
ods under the heading of “Reliability”), meta-modelling, sensitivity and optimisation are treated
under separate headings. Under each heading there is found a range of possible tools or meth-
ods, partly to provide a check, but also because newer methods may be worth exploration, or
because the best method may be problem dependent. For instance, for sparse system identifi-
cation, SLSQT (see Section proved very successful for Brunton et al [8], but selecting an
appropriate threshold value for SLSQT may not as easy in other applications. Each software tool
may employed in different combinations with the others at different stages, eg. optimisation may
be used both in Stage 2, to fit surrogate models better, and in Stage 3 in conjunction with sampling
to treat uncertainty, to improve a design.

The nub of UQ is finding an affordable, good surrogate for the full model. The applicability of a
lower-dimensional surrogate model often results from the fact that a physical system, in normal
operation, behaves ‘smoothly’ ie. the sensitivity of its output function to changes in input parame-
ters is rather low. The work of Trefethen [30, [31},[32] indicates that approximately 80 % of functions
encountered in practice (most likely meaning related to use of the matlab”?! software) may be effi-
ciently and accurately approximated as sums of products of functions of a single variable, suggest-
ing they are representable by say, of order 100-1000d samples if there are d parameters. Nonlinear
systems exhibiting bifurcation self-evidently do not behave smoothly, particularly when determin-
istic chaos arises as an infinite sequence of bifurcations, and lack of smoothness also may arise
due to a failure of numerics, such as the overfitting of functions by polynomial interpolation known
as the Runge phenomenon.

Unfortunately there appears to be no easy way to determine whether an arbitrary output function
can be approximated succinctly over the whole range of interest. A good approach is to start by
examining local approximations and seeking to patch them together to cover the whole ranges,
so called ‘Machine Learning ROMs’ [24, §12.7]. Techniques of this kind, eg. also ‘Reservoir
Computing’ [33] are currently the subject of much research, for which it is expected that the timing
of the appearance of the Milestone Reports M2.4.2 and M2.5.2 reports will be such as to permit
them to provide a more complete description.
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5 Appendices

5.1 Quasi-Monte-Carlo

The principal source for Quasi-Monte-Carlo methods is the book by Niederreiter [34], which how-
ever is highly mathematical in tone. This section should also serve as an informal introduction to
Niederreiter’s book.

In 1-D, it is easy to show that the discrepancy (the error made in calculating the size of an object
based on the sampling) is at least ey o 1/N when the sample points x; are uniformly distributed.
The key fact is that there exist sets of points (‘low discrepancy sequences’) for which the discrep-
ancy does not increase very much as the number of dimensions increases.

The simplest of these sets to describe is that due to Halton. In 1-D, it is identical to a van der Corput
sequence, which involves generating numbers on the unit interval, using the reversed bit patterns
of the positive integers. It is best illustrated by example. Thus 2 has the binary representation 10,
so the 2nd element in the van der Corput sequence is .015 or 1/4, 3 = 11, so the 3rd element in
the van der Corput sequence is .115 or 3/4, 4 = 1002 so the 4th element in the van der Corput
sequence is .0012 or 1/8. Hence the first 7 elements of the van der Corput sequence are (in
eighths)

4,2,6,1,5,3,7 (43)

It will be seen that there is a kind of fractal pattern about the above distribution. Van der Corput
sequences may be defined for any prime b, by representing the integers in the base b, then using
the reversed representation as above to generate values on the unit interval. The Halton sequence
in 2-D contains pairs of numbers, the first in the Ith pair being the ith element from a van der
Corput sequence with base 2 and the second being the corresponding element in a base 3 van
der Corput sequence. In fact any two distinct primes could be used, and the generalisation to
many dimensions should be obvious.

The discrepancy of the Halton sequence in 2-D is bounded by a formula which may be approxi-
mated as
eny = As(In N)2/N (44)

where A; = 0.66. It will be seen that this is smaller than the Monte-Carlo value of ey = 1/\/N for
N > 1000. It is therefore also competitive with uniform sampling on a rectangular lattice of N 2-D
points, which in general gives an error proportional to lattice spacing, ie. 1/v/N.

The explanation for the superior performance of the Halton sequence is illustrated by comparison
between Figure [6] and Figure [7] Both show 100 2-D vectors on the unit square, in fact the last
hundred of a length 2000 vector sequences starting at zero. In Figure [6, the components of the
random vectors are generated using the ranlux random number generator (luxury level of 3 where
4 is the highest) supplied by F. James [35]. Figure [7| plots the 2-D Halton sequence generated
with base-2 and base-3 van der Corput sequences, using a modified version of software due to
J. Burkardt [36] based on ref [37]. It will be seen that, comparing the number of points which are
close together, the random vectors are much less uniformly distributed than the Halton sequence.

The Halton sequence is important because it can be defined without setting a definite number
of samples N, in advance, hence it can be used just like sequences from standard Monte-Carlo
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Figure 6: Two-dimensional vectors plotted by position in the unit square. The ranlux random
number generator was used to produce 200 coordinates, paired to make 100 vectors.

Figure 7: Two-dimensional vectors plotted by position in the unit square. The halton quasi-random
number generator was used to produce 100 vectors.
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random number generators. This contrasts with the Hammersley sequence, where the first compo-
nent of each vector is I /N,, then other components contain van der Corput sequences. However,
much of Niederreiter’s book is concerned with cases where N, is specified in advance, when it
transpires for example that A2 may be reduced to as little as 0.26, using a (¢, s) sequence.

The definition of (¢, s) sequences is quite involved. The main idea is to generate the quasi-random
sequences as sets of vectors of dimension s (hence the s in the name) rather than as in Halton
where the components of the vectors are computed independently as 1-D van der Corput se-
quences. The t denotes the fact that, instead of each integer being represented in base b prior to
bit reversal, it is represented in base b'*!. Hence, in the (¢, s) notation, van der Corput sequences
are (0, 1) sequences, and anyway apparently ¢ = 0 has optimally small error.

Returning to Halton sequences, the expression for discrepancy in d-D is
ey = Ag(In N)¢/N (45)

where the values of A, are tabulated in Niederreiter’s Table 4.4. [34, p.96]. The first few are
Agq = 0.66,0.82,1.26,2.62, for d = 2,3,4,5. At higher d, A, increases rapidly so that for example,
A = 16800 and Ay = 6.62 x 10'°, whereas the corresponding value C;, for the best (t,s)
sequence decreases almost as rapidly (Cs = 0.0186). This is the benefit gained from the greater
complexity of calculating the (¢, s) sequences.

Despite the theory, much practical experience with QMC as reported and performed by Morokoff et
al [38| [39] suggests that QMC frequently performs little better than MC when d is large. Mo-
rokoff et al considered Halton sequences and (¢, s) sequences in base b = 2 (referred to as Sobol
sequences) and in other prime number bases (Faure sequences). It seems that for the variety of
methods tested, the number of sample points required for the asymptotic discrepancy estimates to
be realised can increase exponentially with dimension d, so the curse of dimensionality remains.
There is evidence however that in some problems, where only a relatively small number of dimen-
sions is apparently important, QMC performance can be greatly improved [40]. One important
point to make is that Morokoff et al tended to explore more those QMC rules which had the best
asymptotic behaviour. Their results do not exclude the possibility that the simpler techniques of
lattice rules, see ref [34, §5.1], might have better behaviour in practice, especially if the lattice
basis g is well chosen. Note that NAG uses the simple Korobov rule, in which the components
of g are given as

ge = a* V(" mod p) (46)

for specially chosen real ¢ > 1 and prime number p.

5.2 Latin Hypercube Sampling

One of the cheapest sampling strategies is stratified sampling. The easiest variant to describe,
viz. Latin hypercube [41] is illustrated in Figure |8 after Steinberg as quoted in ref [42, §4]. The
sample space is gridded, but now sample points are required to lie within the grid squares, and
in fact their precise location within a square in determined randomly. The selection of grid-square
is also random, but heavily constrained by the fact that no other sampled square should have the
same discrete co-ordinate values in any co-ordinate. For example, in Figure [8] the fact that there is
a sample point in the square three along from the left in the bottom row, discrete coordinate (3, 1),
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Figure 8: Latin hypercube sampling.

means that no sample will be placed in cells with coordinates (3, j) or (i,1) for any ¢ or j. If there
are N; cells in each coordinate, the total number of samples needed is also N;. This is very cheap,
but the method is known to become unreliable when the parameters’ variations are correlated.
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